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Abstract 
The Middle Jurassic fluvio-deltaic reservoirs of the Brent Field and other Brent 
Province fields have played an important role in the development of the North Sea oil 
and gas province. Interest in finding new accumulations and the economic life of some 
of the fields were both rejuvenated given oil price increases from 2005. The facies 
architecture of these deltaic reservoirs controls the juxtaposition and connectivity of 
sandbodies (e. g., in the Ness Formation, Brent Group), and is important in exploratory 
and appraisal drilling as well as re-development of mature fields. The Middle Jurassic 
Yorkshire Delta is a contemporaneous deltaic sequence to the Brent Delta. It was 
deposited in the Cleveland Basin to the south of the Mid North Sea High and crops out 
in sea cliffs along the Yorkshire Coast, NE England for nearly 30 km. High quality 
photomontages of continuous exposures were interpreted to form a regional 
interpretation of the Saltwick Formation, Ravenscar Group. The formation is interpreted 
as the delta plain succession in the Yorkshire Delta. A discussion of the stratigraphic 
and structural controls during deposition is based on interpreted cross-sections. Focused 
studies of juxtaposition of different reservoir sandbodies (e. g. single channel-fill, multi- 
storey channel-fill complex, crevasse splay/sheet sands) are described in a "pseudo" 
well log format that compliments the use of computer applications to integrate the 
outcrop data with typical well-log datasets used in the subsurface. 
A series of reservoir models was developed from the Saltwick Formation outcrop 
dataset. Data in the form of vertical sections ("pseudo wells") along the cliff-face were 
compiled to construct multiple conceptual scenarios of stratigraphic architecture (e. g. 
channel sandbodies stacked within a valley fill) and sandbody geometry (e. g. channel 
sandbody orientation, sinuosity, thickness/width ratio). These models reflect different 
interpretations of reservoir architecture, sandbody distribution and net-to-gross 
variations that honour the outcrop dataset, or a subset of this dataset, and an underlying 
sedimentological or stratigraphic concept. By varying sandstone-volume fraction inputs 
to the reservoir models, various geographical positions on the delta plain can be 
approximated, reflecting either more localised channel sandbody stacking on the upper 
delta plain or more levee breeching and associated development of crevasse-splay sheet 
sandbodies further down-dip on the lower delta plain. Multiple stochastic realisations of 
each conceptual scenario were generated. The various models were analysed to 
determine the static connectivity of reservoir sandbodies within them. Variations in 
conceptual stratigraphic architecture and sandbody geometry do not significantly alter 
sandbody connectivity when the sandstone-volume fraction is high (33%, or greater). 
Sandbody connectivity is total or near total in such models, which supports the results 
of percolation theory experiments. Decreasing sandstone-volume fraction (e. g. to 12% 
and 24%) significantly lowers sandbody connectivity in the models. These results are 
discussed in relation to appraisal drilling, field development planning and geological 
model building by teams of geologists and petroleum engineers, because they may lend 
directional guidance for the placement, number and spacing of appraisal wells required 
in such depositional environments. 
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CHAPTER 1: Introduction and Aims 
1.1 Introduction 
Sandstones are important as reservoirs for oil and gas. Deltaic deposits, a major 
contributor to clastic basins, are estimated to account for nearly 30% of the world's oil, 
gas and coal accumulations (Tyler and Finley, 1991). Deltaic deposits have played a 
historical role in the history of sedimentology and the petroleum industry as exemplified 
by giant fields in Alaska (Prudhoe Bay), the Mississippi delta region, Southeast Asia 
(Brunei, Malaysia) and the North Sea (Brent Field as the type example). The 
importance of producing deltaic deposits continues with the newly developing 
provinces in Sakhalin and the Caspian, and with oil and gas prices reaching modem 
highs, a reworking of mature deltaic basins and fields. In addition to the economic 
contribution of modem large deltaic systems (Mississippi, Nile, Ganges, Amazon), 
significant additional cumulative reserves are found in smaller ancient fluvio-deltaic 
systems within many sequences with wide geographic distribution, for example, the 
Melussa Formation (Eocene) in the Euphrates graben of Syria, the Meloussi Formation 
(Lower Cretaceous) of Tunisia, and the Frio (Oligocene) and Wilcox Formations 
(Eocene) of the coastal plain of Texas. Additional research in deltaic reservoir 
architecture coincides with the need to implement waterflood and other FOR techniques 
to efficiently exploit remaining reserves in many mature fields, particularly given the 
step change in oil pricing futures of the mid-2000's and "peak cheap-oil" theories. 
Deltas are defined as distinct shoreline protuberances formed where an alluvial system 
enters a basin with a sediment supply that cannot be redistributed by basinal processes 
(Orton and Reading, 1993). The study of modern deltas (Galloway, 1975; Elliot, 1986, 
Bhattacharya and Giosan, 2003, Sidi et al, 2003, Bhattacharya, 2006) gives the 
researcher a bridge to the past. This enables the observation in present-day deltaic 
systems of interrelated parameters (basin configuration, tectonics, sea level changes, 
sediment supply and rates, relative influence of currents, waves and tides) for the 
petroleum geologist to compare with the ancient delta deposits. 
Friedman (1998) summarises his history of a "Golden Age of Sedimentology" between 
the 1950's and mid-1980's. He points to studies of process, facies and morphology of 
modern deltas, pioneered by industry researchers (Broussard, 1975). Perhaps another 
"Golden Age" for sedimentology and stratigraphy of deltas is upon us with the more 
recent studies integrating the sedimentology, stratigraphy and petroleum geology. These 
range from the study of tropical deltas in Southeast Asia (Sidi et al., 2003), to recent 
compilations of research on deltaic processes (Giosan and Bhattacharya, 2006; 
Bhattacharya, 2006) and newly focused studies on specific deltas: the Mississippi (Kulp 
et al., 2005), the Rhine (Stouthamer, 2005) and the Po of Italy (Correggiari et al., 2005). 
The emergence of sequence stratigraphy focused attention on the influence of relative 
sea level and sediment supply on depositional cycles and resultant facies stacking 
patterns. This approach has brought a greater understanding of the mechanisms and 
resultant morphologies of clastic reservoirs (e. g. Van Wagoner et al., 1990; Blum and 
Torngvist, 2000). This ongoing research, combined with the drivers of high oil prices 
and maturing of basins for hydrocarbon exploration, has resulted in intense data 
acquisition to find substantial remaining prospects and enhanced and/or additional 
recovery from existing fields and plays. 
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Delta-plain deposits are characterised by a wide range of facies types, including 
distributary channel sandbodies, interdistributary bay-fill shales, crevasse-splay sheet 
sandbodies, channel- and lobe-abandonment shales, coal seams and palaeosols. 
Understanding and predicting the spatial distribution of such facies provides the 
challenge for the petroleum geoscientist and engineer to optimise field development 
planning and ultimate recoveries. Predicting the dimensions and orientation of the 
sandbodies within the clastic sequence, especially in relation to simulation models, has 
gained in importance. In particular, the uncertainty in predicting the three-dimensional 
distribution of reservoir pay-quality sands as a function of sedimentological and 
structural controls is receiving increasing interest from researchers and industry today 
due to the more robust economics of producing these complex reservoirs (Ravenne et 
al, 1987; Weber and Geuns, 1990; Reynolds, 1999; Larue and Friedmann, 2000,2005). 
Reducing geological uncertainty in the construction of full field models used in the 
petroleum industry is of great economic importance. Geological uncertainty may be 
divided into volumetric and recovery uncertainty (Larne and Friedmann, 2001). The 
production phase of oil and gas operations focuses on the uncertainty in recovery 
efficiency of the reservoir. The connected pore volume and flow characteristics, 
specifically flow at the interface between high-permeability channel sandbodies and 
lower net-to-gross facies, and the prediction of permeability barriers playa significant 
role in the production economics of clastic reservoirs (Kulpecz and van Geuns, 1990). 
The placement of wells in relation to the distribution of net-to-gross and sealing/baffling 
shales (or low permeability facies) creates opportunities for bypassed hydrocarbons 
given the uncertainty in the distribution of channel sands. Although reservoirs are 
intrinsically deterministic, subsurface data acquisition limited by technique and cost 
results in reservoir models that combine extrapolation of the limited observations, 
educated interpretation and the "formal guessing" of stochastic modelling (Haldersen 
and Damsieth, 1990). The growth of stochastic and scenario-based modelling is 
recognised throughout industry and forms a core area of focus for geological modelling. 
There is much discussion of the concepts that underlie stochastic and scenario-based 
modelling within the petroleum industry and academic communities; many 
stratigraphers tend to believe that sandbody geometries and reservoir architecture are 
inherently important in controlling recovery efficiencies, whilst many engineers view 
reservoir behaviour in terms of fluid flow through a tank containing permeability 
heterogeneity (King, 1990, Larne and Friedmann, 2005). The significance of such 
modelling is reflected in its impact on early field development planning (initial 
placement of wells and facilities), the process of field optimisation during infill drilling 
and maximising economic recovery during mature end-phases of field life with 
secondary and tertiary recovery. 
The growth of computing power has enabled the addition of quantitative description of 
outcrop analogues through digitisation and input into sophisticated software tools (e. g. 
Petrel, Roxar RMS, Tigress). The ability to capture bed thickness, height and width 
relationships in two and three dimensions with great accuracy and then to employ these 
data in reservoir model studies is revolutionising integrated geological/reservoir- 
engineering studies. The acquisition of very large volumes of measured data at 
unprecedented levels of detail creates issues of scaling and applicability, but also 
provides additional robustness that industry can employ for economic decision-making. 
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The economic contribution of ancient deltas to the energy industry continues. The use 
of models to reduce geological uncertainty and increase the usefulness of reservoir 
models in all phases of the oil and gas field life cycle will contribute to optimising 
profitability. 
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1.2 Thesis Aims 
The Middle Jurassic Saltwick Formation (Ravenscar Group) outcrops in sea cliffs along 
the Yorkshire Coast, NE England for nearly 30 km. The Saltwick Formation is broadly 
time-equivalent to the Brent Group reservoirs of the northern North Sea, and is 
considered a close sedimentological analogue to the Ness Formation delta-plain strata 
(Ravenne, 2002, Livera, 1989; Eschard et al. 1992). The first phase of the project began 
with an overview of previous work describing the distribution of channel sandbodies 
and non-channelised deposits along the cliff face outcrops. The overview was 
conducted from field visits, interpretation of the photomontages and a literature review 
of the Saltwick Formation lithofacies, including a comparison to the Brent Group. 
The aim of the first phase of the project is to formulate a conceptual model of the 
reservoir architecture consisting of channel and crevasse-splay sandbody distribution 
and stacking patterns, in order to understand the structural and stratigraphic controls on 
the development of the Yorkshire Delta. This conceptual model is compiled from 
photomontage sections of the entire cliff-face exposures over their 30 km extent. 
Additional detailed correlation panels for a smaller study area formed the basis for 
creating numerical reservoir models which describe the geological uncertainty of an 
analogue reservoir for this deltaic deposit. The cross-section at the cliff face represents a 
truth-case slice through the heart of a delta plain. This deterministic dataset was used to 
create a numerical database and methodology to develop geological scenarios that 
honour the outcrop data. 
The aim of the second phase of the project is to determine if a series of stratigraphic 
controls would affect static connectivity of sandbodies within a reservoir model 
constructed using varying amounts of data from the cliff-face dataset, while holding a 
base case of parameters constant. In the light of the discussion in some quarters of the 
industry regarding the relationship between reservoir architecture and recovery 
efficiency, the question arises as to whether reservoir architecture at the sandbody level 
is important at all (Larue and Friedmann, 2005). The models of the Saltwick Formation 
developed and investigated in this thesis should aid in this ongoing discussion. A 
number of issues are tested in this second project phase, including: 
1. Do stratigraphic controls (e. g.. confinement of channel sandbodies to a valley 
fill) significantly affect sandbody connectivity in the reservoir? 
2. Do differences in the geometry of channel and crevasse-splay sandbodies 
(length, thickness/width ratio, and sinuosity) significantly affect sandbody 
connectivity? 
3. Does the sediment transport direction significantly affect Sandbody 
connectivity? 
4. How does the volume fraction of net sand in the model affect sandbody 
connectivity? 
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5. How much does sandbody connectivity vary according to the introduction of 
increasing amounts of real data (in the form of pseudo-well control points) from 
the cliff-face outcrop dataset? 
6. How can the models presented in this thesis be used to give some directional 
guidance in appraising a new discovery in a deltaic play similar in setting to that 
of the Yorkshire Delta? 
7. What best practices should be adopted by reservoir engineers and 
production/reservoir geologists in constructing models for fluvio-deltaic 
reservoirs? 
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CHAPTER 2: Delta Classification and Analogues 
2.1 Classification of Modern Deltas 
The study of processes and resultant morphologies in modem deltas is key to 
understanding facies relationships within the reservoir setting and in creating conceptual 
models. The early Shell workers (Leblanc, Bernard, and Broussard) studied the Brazos 
River delta of Texas. This was timely, because the US Army Corps of engineers 
rerouted the river in 1929 and the resulting movement of river-derived sediments was 
studied intently. The relatively small size of the Brazos delta and real-time building of 
new delta morphology began a new chapter in delta studies. Simultaneously, others 
were attempting to classify deltas. 
A tripartite model of classification was created (Fig 2.1) for modem deltas in the 
context of the proportional influence of three factors: (a) the amount/rate/type of 
sediment supply or river dominance, (b) the effect of wave dominance on the 
morphology of the delta and associated sandbodies, and, (c) the preferential dominance 
of tidal processes (Galloway, 1975). This is an idealised classification based on 
processes. Most deltas are subject to mixed influences of the three processes, and as a 
result are placed within the ternary diagram (Bhattacharya, 2006). 
Large delta systems such as the Mississippi formed in micro-tidal and relatively low 
wave-energy settings, resulting in the classical "delta-shaped" bifurcated lobal 
morphology. It is river dominated (especially so since the Army Corps of Engineers 
have forced its' current path since the 1950's) with substantial sediment input 
overwhelming the rather low tide and wave regimes. River-dominated delta plains 
contain multiple distributary channels and crevasse splays that are either lobate or sheet- 
like over wide areas as a result of river flooding over and/or breakthrough of levee 
deposits (Elliot, 1986, Kulp et al., 2005). 
The greater the wave influence, the more cuspate and arcuate the delta becomes, such 
that the end result would be a series of shore-parallel bars reworked at the river mouth 
and/or shoreline. A typical example of this is the Sao Francisco River delta (Fig-2.1). 
Sediment is transported to the river mouth and then worked by wave and wave- 
generated longshore currents. Depending on the strength of the longshore currents 
relative to river-mouth currents, wave-dominated deltas may exhibit asymmetrical or 
deflected plan view morphologies (Bhattacharya and Giosan, 2003). Barrier-beach 
complexes may form downdrift of the river mouth, allowing fines to deposit in sheltered 
lagoons and bays behind the barrier. Wave-dominated delta plains are characterised by 
a relatively small number of distributary channels that are relatively stable in position 
(Elliot, 1986). 
Tide-dominated deltas form lengthwise (shore-perpendicular) deposits coincident with 
the tidal channels of transport radiating from the river source (Galloway, 1975). Typical 
tide-dominated deltas are the Ganges-Brahmaputra and Gulf of Papua. Tidal processes 
may create long-lasting elongate channels and reworked mouth bars (Bhattacharya, 
2006). The delta plain in tide-dominated deltas contains generally low sinuosity 
channels containing indicators of bimodality of flow. These channels tend to intersect 
barrier beach or mouth bar complexes, depending on the degree of wave and current 
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reworking). Interdistributary areas tend to include significant expanses of lagoons, tidal 
creeks and tidal flats (Elliot, 1986). 
The intricate interplay of sediment supply, changes in relative sea level, autocyclicity 
(channel and lobe switching), and density contrasts between the river plume and marine 
basin waters adds to the complexity of delta systems, and these factors cannot be easily 
accommodated within the tripartite classification scheme described above 
(Bhattacharya, 2006). 
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Fig 2.1 Galloway's (1975) model of delta classification with six type examples 
of modern deltas superimposed as described by Coleman and Wright (1975) 
(from Bhattacharya, 2006). 
More recent research (Walker, 1993; Orton and Reading, 1993; Bhattacharya, 2006), 
has revisited the deltaic classification scheme of Galloway (1975). Orton and Reading 
(1993) recognised the importance of sediment calibre, and modified the Galloway 
(1975) model to include grain size as a third axis (Fig. 2.2). The range of sediment grain 
size (mixed-mud/silt, fine sand, gravely sand and gravel) not only helps to differentiate 
deltas with respect to sediment transport and hydraulic processes (e. g. river, wave and 
tidal processes), but also may also distinguish the type of sediment source and its effect 
on delta classification. The Nile, Tiber, Mississippi, Brazos, Danube, and Atlantic-coast 
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Brazilian deltas amongst others are analysed to provide an expanded delta classification 
scheme. Bhattacharya and Giosan (2003) re-assessed the morphology and classification 
of wave-dominated deltas, which are typically portrayed with a symmetrical 
morphology, due to wave reworking of river-derived sediment at the river mouth (e. g. 
Galloway 1975; Sao Francisco delta in Figs. 2.1,2.2). In terms of mechanics, a facies 
change occurs from updrift to downdrift locations relative to the delta distributary 
mouth and the prevailing direction of wave-generated longshore currents. River-derived 
effluent from the distributary mouth acts as a groyne that traps sand transported by 
longshore currents. Hence the updrift side of the distributary mouth is composed of 
fairly continuous sheet sandbodies resulting from longshore current transport and 
upcurrent reworking in a wave-dominated shoreface setting. These sandbodies could 
account for as much of 30% of the modern Danube delta (E3hattacharya and Giosan, 
2003). Downdrift of the distributary mouth, the delta is comprised of alternating narrow 
barrier sandbodies and fine-grained lagoons and bays. The resultant delta morphology is 
elongated along the shoreline in the direction of the longshore current, and is sand-rich 
updrift and mud-rich downdrift of the distributary channels. In the subsurface, 
asymmetrical wave-dominated deltaic reservoirs would show relatively continuous 
sandbodies updrift, while the downdrift linear sandbodies would be more isolated in 
low net-to-gross muds and fines. Thus, current thinking about the classification of 
modern deltas (Fig. 2.2) places emphasis on the role of sediment size and the degree of 
asymmetry, controlled by the rates of wave-generated longshore transport and river 
discharge. 
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Other parameters are important in delta classification. Changes in relative sea level and 
climate affect the rate, volume and grain size of sediment supply to the basin. There is a 
long history in the literature of analysis of the climatic controls on sediment supply and 
the relationships between the volumes of sediment flux and rates of hinterland uplift 
(e. g. Blum and Tornqvist, 2000). Fluvial accommodation, equilibrium profile and 
sequence stratigraphic context are important in understanding process and preservation 
in the stratigraphic record (Posamentier and Allen, 1999). The complex relationship 
between relative sea-level changes and sediment load variations due to climatic and/or 
tectonic controls are still poorly understood, but may form the basis for future 
classification of delta systems. For example, Elliot (1986) provides a conceptual 
framework for studying deltas that begins with climate, tectonics, subsidence and 
topography affecting the fluvial regime that contribute to delta morphology and 
resultant facies patterns. 
Modern deltaic studies continue to provide new research in processes, models and 
classification schemes, and descriptive analysis of depositional styles and 
morphologies. These results play an important role in creating the reservoir architectural 
models employed by petroleum geologists. 
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2.2 Deltaic Facies Associations and Successions 
Research on both ancient and modem delta systems forms the basis of the models of 
morphologies and facies distributions that petroleum geologists routinely interpret and 
use for reservoir simulation. The earliest descriptions of deltaic facies architecture are 
found in the studies of Gilbert (1885), who recognised three facies associations: 
bottomsets (gently inclined fine-grained sediments), foresets (sand/gravel beds dipping 
at 10-25 degrees) and topsets (flat lying gravels). These associations are arranged in 
upward-shallowing sequences in the Pleistocene deltaic deposits that fringed Lake 
Bonneville, Utah. 
Bhattacharya (2006) provides a description of these subdivisions in Figure 2.3 and 
discusses three broad geomorphic settings that are roughly akin to Gilbert's (1885) 
facies associations: 
1. the subaerial delta plain, where river processes dominate, characterised by very 
gently seaward-dipping strata ('topset'), 
2. the subaqueous delta front, where river and basinal processes interact, 
characterised by relatively steep seaward-dipping strata (`foreset'), 
3. the deep subaqueous prodelta, comprising a fine-grained, distal/basal unit that is 
inclined gently seaward ('bottomset'). 
Delta Plain: The updip or landward limit of the delta plain is where the alluvial 
delivery system becomes unconfined from the alluvial plain. This is further subdivided 
in modern analogues using the point to which tidal marine incursion occurs: the upper 
delta plain lies landward of this point and contains distributary channels with no marine 
influence, and the lower delta plain lies below this point. This point or line is defined at 
the `bayline' (Coleman and Prior, 1982, Posamentier et al, 1988). The upper delta plain 
is a fluvial environment. Deltas that have steep gradients may have delta plains of 
limited extent (Bhattacharya, 2006). The distributary channels in the upper delta plain 
exhibit periodic fluctuations in water level (stage), potentially high sinuosity, and 
sporadic discharge. The resultant facies and sequences are similar to those of alluvial 
channels. Multi-storey channel complexes occur, characterised by erosive bases, fining- 
upward sequences representing lateral migration or abandonment, and overbank 
deposits from adjacent channels. The Rhone and Rhine deltas contain channels with 
higher width-to-depth ratios (1000: 1) on their upper delta plains than distributary 
channels nearer the shoreline (50: 1, ) reflecting more frequent switching (avulsion) of 
channels down-dip (Elliot, 1986). 
The interchannel areas of the upper delta plain are generally enclosed, quiet, very 
shallow water areas and swamps, with the exception of flood-induced overbank deposits 
such as levees, shallow crevasse channels and crevasse splays, the latter occurring as 
thin sheet-like and lobate sandbodies deposited over large areas (Elliot, 1986). 
The lower delta plain is typically characterised by thinner, more widely spaced single- 
storey channels than the multi-storey stacked channels of the upper delta plain (Elliot, 
1986). Thicker bay-fill sequences containing crevasse splay sands and silts are more 
prominent as more accommodation space is potentially available downdip. As the distal 
delta plain transitions towards the delta front, mouth bar systems and depositional lobes 
are found (Elliot, 1986, Bhattacharya, 2006). Deposition of coals may be more abundant 
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in the lower delta plain especially where bays are formed behind a continuous sandy 
delta front (Elliot. 1986). 
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Figure 2.3 The areal subdivisions of a delta. Note the "Bayline" demarcation. 
This provides delineation between the upper and lower delta plains (from 
Bhattacharya, 2006). 
Delta Front: The delta front is the point at which the river plume, laden with sediment 
reaches the basin and is dispersed by basinal processes (Elliot, 1986, Bhattacharya, 
2006). It is the prograding portion of the delta. Complex interactions at the river mouth 
include changes in fluvial outflow, density, sediment load and basinal currents (e. g. 
waves, tides). The more buoyant (less dense) the outflow, the more dispersed the 
sediment load. Mouth (or middle-ground) bars are deposited where the friction at the 
river mouth is considerable, causing the river flow to decelerate and resulting in 
deposition of the sediment load. River-dominated deltas typically have mouth bar 
sequences characterised by coarsening-upward grain size trends, each corresponding to 
a prograding delta lobe. Wave-dominated deltas have smoother shorelines, fewer mouth 
bars and shoreline-parallel shoreface-barrier complexes characterised by coarsening- 
upwards sequences. Tide-dominated deltas have a less defined delta front with 
channels, tidal sand ridges and bars that may extend offshore until reaching a change in 
25 
gradient of the shelf. Because the delta front is prograding, a vertical profile (e. g. well 
log) would comprise coarsening-upwards sequences that contain tide-generated 
structures such as bi-directional cross-bedded sands and rhythmically interbedded fines 
(Elliot, 1986; Bhattacharya, 2006). 
Prodelta: This area, seaward of the delta front, is the region where the fines of the 
buoyant river plume settle from suspension (Bhattacharya, 2006). These silts and muds 
interfinger with hemipelagic or calcareous muds of the basin slope and floor. They 
become more marine-influenced and more intensely bioturbated further away from the 
river mouth. Tidal influence may affect the upper reaches of the prodelta creating 
regularly repeated laminations. Hyperpycnal flows (dense underflows) fed from the 
river mouth may deposit interbedded silts and muds further downslope. Prodelta 
accumulations would form the basal unit in prograding deltaic sequences. 
Ancient delta systems: Elliot (1986) summarises the four principal characteristics of 
ancient deltas: 
a) normally thick, clastic sections comprising units of basinal facies, overlain 
by fluvial and ultimately continental facies as the delta progrades, 
b) a depocentre of sediment is fixed around a river mouth with some lateral 
extension away from the depocentre, 
c) a cyclical pattern of deposition, recording repeated progradation and 
abandonment of the delta system, 
d) a series of discrete depocentres due to changes in sediment supply, 
subsidence and relative sea level for long-lived deltas. 
In general, there is difficulty in determining precisely where the `bayline' or the point of 
marine intrusion occurs in ancient deltas (Bhattacharya, 2006). Marine fossils are good 
indicators of position on the delta front and prodelta environments. They may also be 
present in lagoonal facies of the lower delta plain. The upper delta plain (particularly in 
river-dominated deltas) displays well-developed distributary channels and interchannel 
crevasse splays. It is the recognition of such facies that help distinguish the type of 
ancient delta represented in a particular dataset (Elliot, 1986) 
A discussion of the morphology and facies architecture of the Saltwick Formation and 
associated Yorkshire Delta is found in Section 6.3. 
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Chapter 3: Modelling of Reservoir Architecture 
3.1 Introduction: Characterisation, Architecture and Modelling of lluvio- 
deltaic reservoirs 
The ability to predict the location, types and performance of sandbodies in the 
subsurface continues to be a great challenge for petroleum geologists and petroleum 
engineers. Much treasure has been spent in attempting to characterise reservoir 
sequences, to predict their geometry and model their performance with the aim of 
increasing ultimate recoveries. 
The veracity of reservoir simulation is directly dependent on the quality of the 
geological model employed. The lack of communication between reservoir engineers 
and production geologists, who have traditionally regarded themselves as working in 
separate disciplines, in unravelling geological complexities that influence reservoir 
behaviour can be problematic (e. g. in the Brent Field; Ravenne, 2002). In order to 
mitigate risk, the construction of viable geological models should combine a critical 
mass of subsurface data (logs, cores, seismic, well tests, pressure histories and 
production data) and analogues of reservoir connectivity based on deposition models 
and/or outcrop studies. The ability to integrate these data into a numerical model of 
reservoir architecture provides the reservoir engineer with a valid basis for simulation of 
fluid flow under simulated reservoir conditions. Reservoirs are not homogenous (e. g. 
Weber, 1982) and various approaches are employed to account for their innate 
heterogeneity in geological modelling. A basic and widely used categorisation of 
siliciclastic reservoirs for modelling purposes identifies three reservoir types: layer- 
cake, jigsaw and labyrinth (Fig. 3.1, Weber and van Geuns, 1990). The continuous 
nature of geological environments that comprise the "layer-cake" category requires the 
least amount of data to describe associated reservoir heterogeneity. The "jigsaw" 
category describes environments where more data are required to characterise the more 
heterogeneous nature of the reservoir architecture. The "labyrinth" category is used to 
describe reservoirs with complex spatial architecture, where the maximum data 
requirements (e. g. closely spaced wells, 3D and/or 4D seismic) are required to 
adequately plan the optimal field development. Typically, fluvio-deltaic reservoirs fit 
into this most complex labyrinth category because they comprise channel, crevasse- 
splay and mouth-bar sandbodies that are small compared to well spacing and seismic 
resolution, interbedded with abandoned-channel and interchannel/overbank shales. The 
resultant architecture can be complex and difficult to characterise in subsurface data. 
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Fig. 3.1: Three reservoir categories of Weber and van Geuns (1990) depicting the 
increasing level of complexity and data requirements to adequately describe the 
subsurface reservoir architecture. 
An ongoing discussion is reported between geologists and engineers (Larue and 
Friedmann, 2005). The geologic community believes stratigraphic architecture and 
shapes influence recovery in wells resulting in more detailed facies models whilst the 
engineering community is more focused on permeability heterogeneity and the 
behaviour of tank-like models of varying n/g relationships. Depositional environment 
becomes less important compared to absolute recovery efficiency. The sand fraction 
(n/g) may be the sole, dominant reservoir characteristic when considering connectivity 
in the reservoir (King, 1990, Larue and Friedmann, 2005). This research project is not 
focused on sweep or optimising recovery factor, but on the juxtaposition of channel and 
splays as increasingly defined by cases with additional real data and stochastic 
realisations for each of those cases. Thus, only static (versus dynamic) connectivity 
calculations are employed. 
3.2 Approaches to reservoir modelling 
Uncertainty in reservoir architecture, reflecting sparse data distribution and/or 
alternative geological interpretations based on these sparse data, is typically handled in 
numerical reservoir models by a variety of geostatistical tools. Early applications of 
geostatistics began in meteorology and moved to the mining industry (Krivoruchko et 
al., 2006). These applications represent not just a repackaging of traditional statistical 
methods, but include the concept of spatial variability. The subject was quickly adopted 
by the petroleum industry (Coburn et al., 2006; Myers, 2006). Previous quantitative 
mathematical modelling of natural phenomenon was deterministic, in that it described 
an outcome from a set of data. Stochastic models predict outcomes weighted on 
probabilities, although natural phenomenon are not in themselves stochastic in character 
(Karlin and Talyor, 1998). Generally, geostatistics emphasises data analysis, while 
stochastic methods are more suited to modelling applications including reservoir flow 
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simulations, studies of turbulence and the spatial characterisation of geological 
phenomena (Myers, 2006). Geostatistics and stochastic modelling in the context of 
reservoir characterisation are used to generate multiple realisations of a random 
function to find a numerical solution to some problem (Srivastava, 1997, Myers, 2006). 
Stochastic modelling is not limited to the petroleum industry or hydrology, but the 
concept has grown to include financial and actuarial science (Myers, 2006). 
Geostatistics has grown into geographical and environmental studies and formed the 
basis of geographical information systems (GIS) (Coburn et al., 2006; Myers, 2006). 
The rise of computing power and the obvious applications to optimising economic 
interests have incentivised both academia and industry towards applying geostatistical 
tools. The petroleum industry has developed specific applications that allow integration 
of seismic, well and production data in geologic models, formed the basis of dynamic 
reservoir simulations with predictive qualities for decision-making (Coburn et al., 
2006). Thus, the incorporation of geostatistical techniques into reservoir modelling 
provides an inter-disciplinary approach to solving subsurface problems. 
The drive for efficiency in the oil industry requires the identification, characterisation 
and mitigation of uncertainty at every step from regional basinal studies to reservoir 
simulation. Imperfect knowledge of reservoir architecture occurs through uncertainty in 
the size, shape and spatial organisation (e. g. connectivity) of geological bodies, through 
the spatial distribution of associated petrophysical properties, and through reservoir 
flow and performance predictability (Goovaerts, 2006). 
Deterministic or conceptual models create the framework for construction of geological 
models used in reservoir simulation. Conceptual models are based on the knowledge, 
experience and data interpretation of the geologist (Tamhane et al., 1999; Goovaerts, 
2006). These models tend to focus on broad trends in heterogeneity within the reservoir 
(e. g. vertical changes in the distribution of sand units, which may be used to define 
reservoir zones). It is possible to interpret different conceptual models for most 
subsurface datasets, and each interpretation describes a "scenario" that honours both an 
underlying geological conceptual model and all available data. Stochastic models are 
used to investigate the uncertainty associated with an interpretation, given the available 
data, and they assume the same underlying "scenario" or conceptual model. The use of 
stochastic models thus attempts to mitigate uncertainty caused by sparse data 
distribution while honouring an underlying conceptual model. In practice, stochastic 
techniques produce multiple equiprobable realisations of the heterogeneity implicit in a 
particular conceptual model or "scenario". Galli and Beucher (1997), Tamhane et al. 
(1999) and Keogh et al, (2007) describe the issues in using such models. The ability to 
integrate and upscale available information over a range of lengthscales from pores to 
reservoirs is a major challenge. No single stochastic technique is completely 
satisfactory. Typically channelised sequences are modelled using object-based 
techniques that provide specific rules (e. g. length: height: width relationships) for 
drawing objects in space. Alternatively, a pixel-based approach such as sequential 
indicator simulation (SISIM) may be used to populate data value on a grid using 
variograms and similar statistical tools (e. g. petrophysical data). 
Early geostatistical mapping applications such as Kriging, where calculations of spatial 
correlation are performed based on statistical functions, demonstrate weaknesses when 
applied to geological data. Where observed data do not agree with the predictions from 
the Kriging model, mapping becomes less smooth (Krivoruchko, 2006). Variations of 
the Kriging algorithm are used to filter or smooth such maps, including "new value 
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Kriging", which theoretically combines the best of exact and filtered methods. The use 
of mapping algorithms such as Kriging is important in retaining the realism or 
robustness of a geological concept within a numerical model. For example, in the 
Forties Field (UK) reservoir, which was deposited by a deep-water turbidite 
depositional system, palynological studies were used to interpret a series of channelised 
flows that were preferentially deposited from a northwest source around palaeohighs. 
This chronostratigraphic information helped to unravel the distribution of channel 
sandbodies and interchannel shales and enabled an improved history match for the 
previously problematic dynamic reservoir model. The maps that were generated by the 
geologist using a commercial mapping package (CPS) required input of control points 
to create the conceptual depositional model. Previously, a kriging-based geostatistical 
approach had created maps based on the algorithm output alone that did not honour the 
underlying geological conceptual model (Kulpecz and van Geuns, 1990). Thus, the 
importance of the geologist and reservoir engineer working together with a shared 
conceptual model was emphasised by the use of deterministic geological input to 
override the geostatistical mapping algorithm. It is not suggested that uncertainty was 
completely removed in the Forties Field reservoir model. However, the resultant 
dynamic history match was of much higher quality than those produced by previous 
models, which was closer to true dynamic reservoir architecture. It is possible that the 
use of additional conceptual models ("scenarios") to generate further reservoir 
simulation models could further characterise uncertainty in reservoir architecture. 
In the past, object-based models were somewhat less flexible in that they often required 
more information from the user. However, where few data are available (few wells) or 
where geological bodies have clearly defined boundaries (e. g. channels), object-based 
modelling is thought to be appropriate (Gall and Beucher, 1997). The advantage of such 
an approach is illustrated in the Forties Field case study described above (Kulpecz and 
van Geuns, 1990), where channelised sandbodies were deterministically superimposed 
on a variogram-based geostatistical model. The introduction of powerful software tools 
such as Petrel and Roxar RMS allow the user to vary object size, orientation, stacking 
patterns and many other variables within an object-based model. 
The literature provides only general guidance on the construction (and measurement) of 
connectivity models (King, 1990; Larue and Friedmann, 2005). The dynamic modelling 
results of reservoir-to-well connectivity depends on the reservoir architecture, 
placement of wells and completion intervals of producers for optimal development 
scenarios (Hovadik and Larue, 2007), all of which are beyond the scope of the present 
non-dynamic study. 
3.3 Use of outcrop analogues 
Outcrop analogues can be used to constrain both qualitative and quantitative aspects of 
reservoir models and associated flow simulations. Outcrop studies provide data for the 
dimensions, geometries and spatial relationships of heterogeneity within reservoirs data 
at every scale from microscopic to macroscopic (Haldorsen et al, 1987, Tyler and 
Finley, 1991, Grammer et al, 2004). The aim of a reservoir model is to ultimately 
integrate data from various geologic sources and scales, encompassing petrophysical 
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analysis (pore throat size, µm), the internal features of sedimentary structures (lamina- 
to-bed scales, mm to cm), facies associations (e. g. interaction of channel and crevasse- 
splay sandbodies, 1-10s m) and depositional systems (e. g. distribution and stacking of 
sandbodies in a fluvial system, 100s m to km) to create realistic simulations of fluid 
flow (Keogh et al, 2007). The challenge of upscaling these data, while still retaining 
appropriate spatial relationships that reflect reservoir heterogeneity, remain (Galli and 
Beucher, 1997, Tamhane et al, 1999, Keogh et al, 2007). The use of outcrop analogues 
helps to improve reservoir models by strengthening the qualitative, conceptual 
framework of reservoir architecture and providing quantitative data for sandbody 
dimensions and spatial relationships for stochastic realisations where no subsurface data 
is available (Buller et al, 2003). 
Over the last decade there has been a concerted effort by academia and industry to 
employ outcrop-based studies in constraining deterministic and stochastic models of 
various depositional environments. The convergence of geologists and reservoir 
engineers towards integrated reservoir characterisation continues to provide added 
robustness to model construction for field development planning. There are many 
examples of detailed measurement of such studies. For example, Bhattacharya and Tye 
(2004) compare the length-width relationships of various ancient and modern deltas to 
the Cretaceous fluvial-deltaic Ferron Sandstone of Utah. Van den Berg and Garrison 
(2004) collected extensive data on the branching of meandering distributary channels in 
the Ferron Sandstone, resulting in more realistic channel-sandbody volumetrics and 
connectivities. Wach et al. (2004) refined their subsurface reservoir models of Soldado 
Field, Trinidad for field development purposes using outcrop and modern analogues. 
An integrated team of subsurface disciplines work together to create a reservoir model 
from outcrop measurements that tested various well placements. These lessons were 
applied to the Soldado Field reservoir model allowing optimisation of various planning 
scenarios. 
In the mid-1990's, Statoil used outcrop data from the fluvial Escanilla Formation 
(Eocene) of the Spanish Pyrenees to create pseudo-reservoir models with significant 
quantities of outcrop data (e. g. length: height: width ratios) resulting in new levels of 
control point detail for a deterministic model. As a result, sandbody width, orientation 
and connectivity were more clearly defined than in earlier stochastic studies that used 
much less data (Buller et al., 2003). Additional stochastic realisations were run where 
outcrop data was missing or uncertain. This same Escanilla Formation is also the site of 
a very recent detailed study based on laser scanner capture techniques of the outcrops 
(LIDAR technology) creating a deterministic model of enhanced detail of reservoir 
heterogeneity (typically < 5cm). Such detail and accuracy enables added precision in 
interpreting orientation, intersection and stacking of sandbodies linked into a 
stratigraphic framework (Labourdette and Jones, 2007). 
Certain limitations for the use of outcrop studies need to be noted. Many outcrops are 
2D (e. g. cliff faces) with potential limitations in defining a third axis to complete 3D 
interpretations (Grammer et al., 2004). The observable data gathered at outcrop can 
overwhelm current modelling software and hardware limitations, and create difficulties 
in devising appropriate scaling for models. Yet the trends in increased computing and 
data gathering power (e. g. laser scans tied to GPS) are creating opportunity for more 
realistic dynamic simulations based on enhanced reservoir characterisation. 
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3.4 Measures of reservoir model behaviour 
The construction of the reservoir model begins with a geologic model based on 
observable data from seismic, well (log and core), production data (pressure, produced 
fluids) and outcrop analogues. The heterogeneous and complex distribution of 
sandbodies in fluvio-deltaic reservoirs is reflected in variable connectivity 
measurements and low ultimate recovery (Weber and van Geuns, 1990; Larue and 
Hovadik, 2006). 
An easily measured reservoir property is net-to-gross, or the proportion of net 
productive sand of sufficient porosity and permeability to economically contribute to 
the production of a well. Percolation theory, which assumes a random distribution of 
sandbodies (King, 1990), and recent studies of non-random controls on Sandbody 
connectivity (Larue and Friedman, 2000,2005; Larue and Hovadik, 2006; Hovadik and 
Larne, 2007) predict that above some threshold value of net-to-gross in the reservoir 
system, Sandbody connectivity increases abruptly to values approaching 100%. 
Percolation theory predicts that for sandbodies that are randomly distributed, the 
threshold value of net-to-gross is approximately 35% when measured in three 
dimensions. 
The use of connectivity measurements in reservoir modelling is an important tool for 
screening early field development plans, infill development scenarios, mature field 
planning and abandonment. In field and experimental studies, the juxtaposition of 
productive reservoir sands determines reservoir connectivity, and such juxtaposition is 
one of the primary controls on the recovery factor (Larue and Hovadik, 2006). The 
choice of geological scenario and net-to-gross are probably the most important factors 
at the early stages of development planning (Caumon et al., 2004). In later stages of 
field production, the isolating of non-swept hydrocarbons (known as reservoir 
compartmentalisation) is due to stratigraphic disruptions of vertical flow (e. g., shale 
drapes in channels reducing Kv/Kh) or structural offsets that reduce lateral flow 
(Haldorsen et al., 1987; Kulpecz and van Geuns, 1990; Larue and Hovadik, 2006). 
Although connectivity is an important measure of reservoir model behaviour, it is not 
necessarily easy to define. Three measures of connectivity are defined by Larue and 
Hovadik (2006): 
(1) Geobody or Sandbody connectivity is defined by the juxtaposition of large sand 
bodies such as channels in the reservoir. Groups of connected cells are considered to 
be geobodies. 
(2) Simple or Static Reservoir connectivity is defined by how an individual well (or 
wells) is proportionally connected to the reservoir. Static connectivity models are 
particularly suited for early planning decisions where little data are available and 
object-based (Boolean) modelling relies on outcrop analogues. 
(3) Dynamic Reservoir connectivity takes into account the rock and fluid properties 
that control flow (e. g. permeability), typical well spacing configurations, and the 
value of time and money. The dynamic full-field simulation model is the norm for 
good oil field practices during field development for companies and governments. 
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3.5 Approach used in this study 
This study employs object-based modelling techniques appropriate for the 
characterisation of a delta plain reservoir. The Saltwick Formation provides outcrops 
depicting a two-dimensional view of sandbodies with sharp, well-defined boundaries, 
for which width: thickness relationships can be measured by direct observation through 
physical access and/or high quality photomontages (e. g. Mjos and Prestholm, 1993; 
Mjos et al, 1993). The use of field data that honour the pseudo-well control points 
strengthens the framework for this and future models of the Saltwick Formation by 
representing the measured sandbodies and architectures at outcrop in a typical 
subsurface data format, which allows easy construction of reservoir models. By 
measuring static connectivity for different subsets of the outcrop dataset, an assessment 
of the impact of data distribution and quantity on resulting models is achieved. This 
workflow forms a basis for robust screening of early investment decisions for field 
development planning (Buller et al., 2003). A logical next phase of study would be to 
create dynamic simulation models, but this lies beyond the scope of this study (see 
recommendation in Chapter 11). 
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CHAPTER 4: Geologic Setting of the Saltwick Formation 
4.1 Historical background 
The port of Whitby on the North Yorkshire coast is known for drawing amateur fossil 
hunters and those looking for mineral deposits since as early as 1868 (Rayner and 
Hemingway, 1974). The first significant work describing the Jurassic stratigraphy and 
structure along the coast was compiled early last century, with coastal exposures 
documented to show "a prevailing simplicity of geological structure" (Fox-Strangways 
et al., 1915). Key aspects of this work are the recognition of faulting at Whitby and 
Ravenscar (Peak Fault), the description of fossil sites for ammonites, fish and reptiles, a 
discussion of local mines for alum (used in lye production), and documentation of thin 
but laterally continuous coal seams. The lithologies of the Ravenscar Group were 
described, with the recognition that "sandstones, being generally arranged in huge 
wedges or lenticles, are rarely persistent horizontally for more than a short distance, 
though they occur more commonly in some parts of the series than in others" (Fox- 
Strangways et al., 1915). This early description summarises well the occurrence of belts 
of stacked, multi-storey channel sandbodies outcropping along the coast within a 
generally thin-bedded series of laterally extensive sandstones and shales. 
4.2 Tectonic Setting of the Ravenscar Group 
During the Middle Jurassic, regional arching of the crust with resultant uplift created the 
Mid-North Sea paleohigh. Domal collapse of this feature produced a regional 
extensional tectonic regime, leading to the development of graben and half-graben 
depocentres for both the Brent and Yorkshire deltas (Eynon, 1981). The depocentre for 
the Yorkshire delta is the Cleveland Basin, which is interpreted as an extension of a 
trough between the Mid-North Sea High to the north and the London Brabant Massif to 
the south (Fig. 4.1; Ziegler, 1990). The Mid-North Sea High and continental deposits to 
the west acted as major sediment sources for the Yorkshire delta. In general, the 
Ravenscar Group exhibits a rather uniform thickness across the Cleveland Basin, except 
for thickening occurs across the Peak Fault, which was active during deposition of the 
Ravenscar Group (Fig. 4.2; Rastal and Hemingway, 1939). 
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Fig 4.1. Middle Jurassic Palaeogeography (after Ziegler, 1990). Arrows indicate 
probable sediment supply routes for the Yorkshire and Brent deltas. Note that 
the Mid-North Sea High sourced both deltas. 
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4.3 Stratigraphy and facies characterisation of the Ravenscar Group 
Much study of the Ravenscar Group has been completed (e. g. I lemingway and Knox, 
1973; Knox, 1973; Kantorowicz, 1982,1985,1990; Livera and Leeder. 1981; Ravenne 
ei cal, 1987; Mjos and Walderhaug, 1989; Eschard el (!., 1992; Mjos and Prestholm, 
1993; Mjos el a!., 1993; Tasaryova, 2002). The Ravenscar Group represents several 
episodes of fluvio-deltaic deposition interspersed with marine transgressions of varying 
magnitudes (Knox, 1973, Livera and Leeder, 1981, Alexander. 1986; Fig. 4.3). 
The lowermost part of the Ravenscar Group, the Aalenian Saltwick Formation, directly 
overlies the marine Dogger Formation. The contact is clearly identifiable in the cliff 
exposures, particularly east of Whitby. In the lowermost and sandier units of the 
Saltwick Formation, intraformational erosional surfaces can be identified. In the silty 
facies often adjacent to the channel sands in the Saltwick Formation, brackish water 
fossils imply some marine, possibly tidal, influence (Livera and Leeder, 1981). 
Abundant rootlets are found both at the base of the Saltwick Formation and at various 
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levels within it, indicating periods of subaerial exposure of the delta plain. The early 
recognition of the Saltwick Formation as fluvio-deltaic in nature by Black in 1868 has 
spawned numerous descriptions of lithology and facies architecture, discussed below. 
The Dogger Formation, which directly underlies the Saltwick Formation, is complex 
and consists of varying lithologies; conglomerates, sideritic sandstones and shales in the 
south and east of the basin, and oolitic carbonates to the north and west (Hemingway, 
1974). It is a predominantly marine unit which records the infilling of antecedent 
Liassic bathymetry. 
Overlying the Saltwick Formation are the shallow marine deposits of the Eller Beck 
Formation (Knox, 1973). This unit comprises thin beds of ironstone near its base and a 
series of upward-coarsening sandstone and shale sequences in its upper part. The 
sandstones are generally fine-to-medium grained. Rootlets penetrate the uppermost 
sandstones, which marks the return of a non-marine sequence, the fluvio-deltaic 
Cloughton Formation (Livera and Leeder, 1981). Within the Cloughton Formation, 
evidence of a minor transgression is found in the Lebberston Member (Millepore and 
Yons Nab Beds) which contains bioturbation and marine fauna (Hemingway and Knox, 
1973; Livera and Leeder, 1981). The overlying Scarborough Formation is a more 
significant trangressive sequence, comprising shallow-marine sandstones in its lower 
part overlain by relatively thick, deeper marine shales. The return of terrigenous input is 
recorded by the Scalby Formation, which is interpreted as alluvial (Livera and Leeder, 
1981) or upper delta plain (Eschard et al., 1992) in origin. 
In summary, the Ravenscar Group records the Middle Jurassic as a quiescent period of 
only minor tectonic activity with major sediment supply from the north and west. A 
series of prograding fluvio-deltaic successions record the establishment of littoral and 
delta plain environments across the basin, occasionally interspersed with minor marine 
transgressions, and ultimately ending in a more substantial marine influx, the 
Scarborough Formation. The Scalby Formation forms the final major depositional 
sequence of the group. 
The sequence stratigraphy of the Ravenscar Group was interpreted in the early 1990's 
(e. g. Eschard et al., 1992). The use of sequence stratigraphy is important in developing 
realistic conceptual geologic models that incorporate chronostratigraphic relationships 
(e. g. Knox and Barton, 1999). Eschard et al. 's (1992) interpretation splits the Group into 
two large-scale (3`d order) depositional sequences, A and B. The first of these sequences 
(A) begins with the lowstand marine-estuarine environment of the Dogger Formation 
(Fig. 4.3). The lowermost Saltwick Formation records the progradation of the delta 
system from a littoral/lagoonal setting into a delta plain. The uppermost Saltwick, Eller 
Beck, Cloughton and lowermost Scarborough Formations record episodic 
transgressions within a transgressive systems tract that ultimately ends in the highstand 
marine deposits of the Scarborough Formation. Others also recognise a relative sea 
level rise during the upper part of the Saltwick Formation, consistent with the onset of a 
trangressive systems tract at Eschard et al. 's Al-A2 boundary (Mjos and Prestholm, 
1993). Sequence B comprises the Scalby Formation, which records progradation from 
estuarine to delta-plain environments. These two large-scale (3`d order) sequences are 
subdivided into small-scale (4th order) sequences. Both large-scale and small-scale 
sequences are interpreted to be bounded by erosional unconformities marked locally by 
incised valleys infilled by multi-storey fluvial and/or estuarine sandstones (Eschard et 
al., 1992). 
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4.4 Previous Reservoir Characterisation and Modelling studies of the Saltwick 
Formation 
A number of studies have assessed various aspects of reservoir character in the 
Ravenscar Group; sandbody properties (e. g. Kantorowicz, 1990; Dreyer et al., 1990), 
sandbody geometries (e. g. Mjos and Prestholm 1993; Mjos et al., 1993), facies 
architecture and sequence stratigraphy and its impact on reservoir model behaviour (e. g. 
Eschard et al., 1992; Ravenne, 2002). The aim of these studies was to create geological 
models that might best describe reservoir performance in similar depositional 
environments. 
The productivity of the Middle Jurassic deltaic reservoir analogues is dependent on a 
number of factors. The dynamic connectivity of the sandstone units is related to the 
individual unit sandbody geometry, the contact between individual sandbodies (i. e., 
channels cutting into crevasse splays), and the extent of shales that form permeability 
barriers, which create pressure compartments and reduce vertical permeability. Due to 
its similarity in depositional environment and time equivalence to the Brent delta, the 
Saltwick is thought to be a reasonable analogue for outcrop study (e. g. Livera and 
Leeder, 1981; Livera, 1989; Eschard et al., 1992; Ravenne, 2002). 
Sandstone geometries of the Ravenscar Group, and in particular, the Saltwick 
Formation have been measured in an attempt to provide quantitative data on sandbody 
dimensions to constrain object-oriented models (Mjos and Prestholm, 1993). The 
ultimate recoveries of fluvial deltaic systems are particularly problematic, because of 
potential for bypassed and undrained oil. Distributary channel and crevasse splay 
sandbodies could appear laterally continuous, but may be isolated from one another by 
floodplain, channel-abandonment and lagoonal shales (Knox and Barton, 1999). In 
view of the enveloping nature of the shales that surround individual crevasse splays, 
connectivity to other splay and/or channel sandbodies depends on two factors: firstly, 
whether there is erosional contact between the units, and secondly, whether the crevasse 
splay is still connected to the time-equivalent distributary channel via a crevasse 
channel (Mjos and Prestholm, 1993). In either of these cases, the process regime of the 
delta (e. g. waves, tides and river-mouth processes) may affect the number and 
placement of wells. Fluvial-dominated delta plain successions will contain more 
abundant distributary channels, while wave-dominated deltas will contain fewer 
distributary channels and more laterally extensive and cleaner delta-front sandstones. 
A schematic view of sandbody geometry related to depositional environment within a 
sequence stratigraphic framework for the Ravenscar Group is shown in Figure 4.4 
(Eschard et al., 1992). 
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Fig. 4.4: A representation of the sedimentary environments and sandbody type 
and geometry of the Ravenscar Group (from Eschard et al., 1992) 
The various length: width: thickness ratios for distributary channel and crevasse splay 
sandbodies in the Saltwick Formation have been compiled (Mjos and Prestholm, 1993). 
Such ratios are important input data for object-based reservoir models. Channel 
sandbody thicknesses range from 4-22 m, but 90% are 4-12 m thick. Widths range from 
100-800 m, but 80% are 100-400 m wide. Individual channel sandbodies are typically 
stacked into multi-storey complexes ranging from 4-13 m in thickness, with evidence of 
major basal scouring (2-10 m of erosional relief). Vertical accretion is an important 
process within the multi-storey channel complexes of the Saltwick Formation. Such 
accretion resulted from avulsions within a restricted belt or, in the case of the Whitby 
West Cliff exposures, a superposition of channel belts (Alexander and Gawthorpe, 
1993). Two scenarios are envisaged regarding accommodation rates (Mjos and 
Prestholm, 1993). The first has a low rate of accommodation creation (slow subsidence 
or relative sea level rise) with high sediment supply resulting in high sand/shale ratios, 
lateral stacking and wide channels belts. The second, and potentially most prominent, is 
a higher rate of accommodation creation, resulting in shallow incision, regional 
avulsions, and narrower channel-belt sandstones stacked in a diagonal pattern within the 
section. This diagonal stacking pattern resulted from channels favouring 
palaeotopographical lows, which formed due to differential compaction and 
geographical variations in sedimentation rates. The use of "layer-cake" correlations in 
the channelised portion of the outcrops is therefore not valid. The use of 
chronostratigraphic interpretation when tracing permeability barriers in channelised 
clastic reservoirs may aid in unravelling the architecture of genetic units (Kulpecz and 
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van Geuns, 1990). However, the literature shows no examples of the detailed use of 
chronostratigraphy within the Saltwick Formation. 
Two types of crevasse splays have been described (Mjos et al., 1993). The first are 
small-scale single lobes attached to the source distributary channel through a feeder 
crevasse channel. The lobes have width: thickness ratios less than 1500: 1 and 
length: thickness ratios less than 2000: 1. The low width: thickness ratios probably record 
a proximal location relative to the feeder crevasse channel. Thicknesses range up to 2.5 
m and decrease near the pinch-outs of the sandbodies. The second type of crevasse 
splays is the large-scale composite splay which represents amalgamated crevasse splay 
lobes which infill bays and lagoons. They are deposited by both lateral and vertical 
accretion, and form lobes up to 15 m thick with lengths and widths up to 3 km or more. 
The crevasse splays of the Saltwick Formation are typically wedged-shaped in cross- 
section near the distributary channel and sheet-like in cross-section at distances of over 
a few hundred meters from the channel (Mjos et al., 1993). 
The Institut Francais du Petrole (IFP) conducted studies in the Ravenscar Group as a 
Brent analogue, with a particular focus on the reservoir heterogeneities of the Scalby 
Formation (Eschard et al., 1992; Ravenne et al, 1987; Ravenne, 2002). A total of 36 
boreholes were drilled behind the cliff outcrop. Figure 4.5 shows IFP well no. 18 with a 
core log (provided by Remi Eschard of IFP), and the core facies description of the 
Saltwick section collected by the author at the IFP core shed. The behind-outcrop wells 
are positioned in two rectangular grids: the first at 300m spacing, and the second at 20m 
spacing in specific areas to address the problem of interpolating between wells. The first 
grid was used to establish a sedimentological and sequence stratigraphic framework and 
to create deterministic models that delineate the heterogeneity of the sequences. The 
second, smaller grid was used to construct geostatistical models for use in simulation 
studies and testing of new software (HERESIM, HEterogeneities, REservoir 
SIMulation) against conceptual and stochastic models. The purpose of this work was to 
create geologically relevant 3D models that investigated upscaling relationships 
between lithological and petrophysical data (Ravenne, 2002). 
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Fig. 4.5: Gamma Ray (left) and core log (right) through the Saltwick Formation in 
IFP well No. 18, depicting the expression of distributary channels, crevasse 
splays and interchannel (floodplain) shales. The vertical scale is marked at 10 m 
intervals. The well is located approximately 200-300 m inland of photomontage 
Whitby East 27, near Cloughton Wyke (see Fig. 5.1). The log was provided by 
Remi Eschard of IFP, core description and facies interpretations by the author. 
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4.5 Petrology of Saltwick Formation 
The sandstones in the Saltwick Formation are subarkosic to quartz-arenites, with 
detailed compositions as follows: 60-70% quartz, 1-6% feldspars, 1-5% detrital clays 
and 13-27% porosity (Mjos and Walderhaug, 1989). Porosities in the channel-f ill 
sandstones average 15% but can range as high as 30%, while porosities in the 
floodplain shales are 1-14%, with an average of 5% (Kantorowicz, 1985). 
Permeabilities range from 50-5000 mD in the sandbodies and can be correlated to facies 
(Dreyer et al., 1990) 
The diagenetic history of the Ravenscar Group has been extensively studied 
(Kantorowicz, 1982,1985,1990). These sediments were buried and then uplifted twice 
since the Middle Jurassic (Kantorowicz, 1990). The earliest diagenesis occurred in the 
depositional groundwater. A significant reduction in porosity occurred in the fine- 
grained environments of the floodplains. Quartz overgrowths created a rigid structure 
which acted to preserve porosity in the channel sandstones. During subsequent burial, 
pore water circulation precipitated calcite in the remaining porosity. Some porosity was 
restored by later carbonate dissolution. Upon uplift and exposure, additional dissolution 
of both carbonate and feldspars occurred after interaction with groundwater. 
4.6 Comparison of Saltwick and Ness Formations 
The Brent and Yorkshire deltas are essentially time equivalent. Although occurring in 
different basins, comparison of the two deltaic successions is instructive in terms of 
facies character and facies architecture (e. g. Livera and Leeder, 1981; Ravenne et al., 
1987; Alexander 1992; Eschard et al., 1992; Mjos and Prestholm, 1993; Ravenne, 
2002). Both successions contain intervals consistent with a delta plain depositional 
setting. Similar depositional processes, climate and eustatic sea-level controls have been 
interpreted for both successions (Alexander, 1992; Mjos and Prestholm, 1993). 
Lithofacies interpreted from cores of the delta plain Ness Formation of the Brent Group 
have been compared with sedimentary logs from the Saltwick Formation of the 
Yorkshire Delta (e. g. Alexander, 1992; Tasaryova, 2002). A regional sedimentological 
model for the Brent Group was compiled by Johnson and Stewart (1985). The Ness 
Formation is interpreted as a delta plain deposit with elongate channel and lobate 
mouth-bar sandbodies overlain by the transgressive sheet sandstone of the Tarbert 
Formation (Livera, 1989). Successions of major lagoonal and/or bay-head deltas in the 
Ness Formation are up to 15 m thick, but these deltaic units are narrow (<500 m) and 
are associated with straight distributary channels that discharged into large brackish 
lagoons and embayments (Livera, 1989). Bioturbation is rare, in contrast to the Saltwick 
Formation which is not documented to contain bioturbation. However, brackish and 
marine bioturbation is described from the Eller Beck Formation, Lebberston Member 
(Cloughton Formation), and Scarborough Formation (e. g. Knox, 1973; Gowland and 
Riding, 1991). 
The Brent delta was originally described as a wave-dominated delta with a barrier 
island/lagoonal shoreline, comprising the Rannoch and Etive Formations (Eynon, 1981; 
Johnson and Stewart, 1985). Further work interpreted the influence of both fluvial and 
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wave processes from within the large shallow lagoons of the Ness Formation (Livera, 
1989). These lagoons may have had fetches of up to 50 km (Livera, 1989). The 
Yorkshire delta is described as having little-to-no direct tidal evidence at the mid-to- 
upper delta plain location of the Saltwick outcrops (Livera and Leeder, 1981). However, 
mixed, sand-silt channels potentially in keeping with the effects of tidal influence have 
been interpreted in the south-eastern portion of the outcrop belt (Livera and Leeder, 
1981). Increased abundance of soft sediment deformation, plant material and 
sphaerosiderite in the upper part of the sequence, and a change from major, sandstone- 
dominated bedload channels to heterolithic, mixed load channels indicate gradual 
abandonment of the delta plain. The section at Whitby East Cliff consists of vertical 
accretion in relatively quiet bodies of water, as evidenced by thin coal seams and 
rootlets interbedded with crevasse splays (Mjos et al., 1993). Channel-fill facies 
successions described in the Saltwick Formation comprise cross bedded fine-grained 
sandstones to conglomerates arranged in erosively based, fining-upward sequences 
containing lateral accretion surfaces (Tasaryova, 2002). The channel sandstones occur 
as both single storey and multi-storey bodies (e. g. Alexander and Gawthorpe, 1993; 
Mjos and Prestholm, 1993). A series of crevasse-splay sheet sandbodies and 
interbedded shales occur in between the channel sandbodies (Mjos et al, 1993). 
Chapter 6.3 integrates some of these previous interpretations and the authors own 
research to determine the classification and morphology of the Yorkshire delta during 
deposition of the Saltwick Formation. 
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CHAPTER 5: Field Dataset and Methodology 
5.1 Study Area 
The study area (Fig. 5.1) ranged some 30km's, from Ravenscar to the southeast, up to 
Loftus in the northwest, along the North Yorkshire coast, UK. The area around the town 
of Whitby, UK, and to the south east, formed the focus of the stochastic modelling. 
(Fig. 7.1). 
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Fig 5.1: The region around Whitby, Yorkshire, UK, where the most continuous outcrops 
of the Saltwick Formation, ancient Yorkshire Delta plain are outcropped along the cliff 
face. Digital photos are merged into 50 montages along the coastline NW and SE of 
Whitby. The montages are divided into three sections groups: Whitby West, Whitby East 
1-9 and 12-18. Broad lithofacies distribution sections are found in Figs 6.5a, b, c, with a 
more detailed set of interpreted stratigraphic panels in Figs. 6.7- 6.17 (Appendices 1-14). 
High Whitby is found on Whitby East 7a, Fig. 6.15. The stochastic modelling area is 
6.9km x 6.9km approximates the size of a North Sea oil field. 
The RMS grid area UTM coordinates are: N653546-660446, E6035439-6042339, a 
6.9km x 6.9km area, similar to the aerial size of Brent Field, North Sea (approx. 42 sq 
km). 
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5.2 Photomontage Construction and Correlation 
G. Hampson (Imperial College, London, UK) provided two sets of high quality digital 
photographs of the coastal outcrops on a clear, early summer morning of 2001 from a 
boat paralleling the coastline. The photos from Whitby and eastwards to Ravenscar 
were previously merged into a series of 27 montages and show essentially a continuous 
series of exposures of the Saltwick Formation (Whitby East 1-9 and 12-27, Fig. 5.1). 
These cliff-face exposures are virtually continuous and mostly devoid of vegetation. 
Individual photos from Whitby westward to Loftus/Skinningrove were then merged into 
another 23 montages, but suffer from areas of poor exposure (vegetation or erosion) or 
missing section (Whitby West 1-7 and 14a-d to 19a-b). 
For each photomontage, the top and base of the Saltwick Formation and Dogger 
Formation were identified, where exposed. The exposed lateral extent of sandbodies is 
robust and can be measured from the photomontages. The channels sequences trend 
parallel-to-sub parallel in the majority of the cliff faces, thus providing cross-sections 
oriented oblique to depositional dip (Mjos and Prestholm, 1993, Tasaryova, 2002). 
However, the sinuosity of the channels and the broad NW to SE orientation of the delta 
creates opportunities to view individual channels from oblique to perpendicular to the 
cliff-face. 
To gain a broad perspective of the physical expression of sandbody geometries (e. g. 
erosion at the base of channels, and the thin-bedded sheets and crevasse splays) patterns 
in the Saltwick Formation, the photomontages were summarised into hand-drawn cross- 
sectional panels, which identify channelised, crevasse-splay/sheet sands and 
interchannel silts and shale. These photomontages for Whitby East (la-8c), and the 
West Cliff (24) were compiled in Adobe Illustrator and are found in various Figures (in 
Chapter 6) and the appendices on DVD. The panels include correlations of the top 
Dogger Formation and an attempt at determining top Saltwick and bottom Eller Beck 
Formations. Some difficulty arises in picking the tops due to vegetation, wash-outs, and 
in particular delineating the contact between Saltwick and Eller Beck channel and 
interchannel lithologies. A dotted line of correlation indicates areas particular difficulty. 
Given the transgressive nature of the Eller Beck, closer visual inspection of the contact 
would help clarify the uncertainty, but most contacts exist in hard-to-reach and 
dangerous positions on cliffs (Fig 6.15, photomontage 7a at High Whitby is such an 
example). 
Despite the inclusion or exclusion of several channels at the contact of the formations, 
the veracity of depicting Saltwick reservoir architecture and studying connectivity of 
the objects is robust. The inclusion or not of various potential Eller Beck bodies into the 
model would only be adding minor rock volumes to the simulation. The stochastic 
modelling of the interpreted Saltwick thickness with lithofacies distribution is a valid 
study within itself. 
The resolution of the photos along the cliff-face is approximately 1 meter. This is 
evidenced from looking at the fence-rows at the top of the cliff in several of the 
montages. Thus, other than some large scale cross-bedding, bedding within channels 
and erosion surfaces at the bottom of channels, it is difficult to interpret with any surety 
features less than 1 meter. However, the correlation of sheet sandstones interpreted as 
laterally extensive crevasse splays can be seen in a variety of cross-section orientations, 
including in depositional strike where they can be traced for up to 3 km. 
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Outcrops of the Saltwick Formation in the East Cliff and West Cliff at Whitby, and at 
other accessible locations were studied in order to provide "ground truth" of the cliff- 
face photomontages. Facies analysis of these outcrops, combined with data collected 
during an earlier MSc project (Tasaryova, 2002), was carried out at a scale comparable 
to the resolution of the cliff-face photomontages, and appropriate for subsequent 
reservoir model construction (i. e. at a resolution of approximately 1 m). 
A visit to the core-shed of IFP was made in June 2004 to study cored wells from their 
earlier drilling campaign (e. g. Ravenne et al., 1987). Wireline logs and porosity- 
permeability data for the cored intervals were provided by Remi Eschard. The cores 
were boxed and in medium-to-poor condition, with portions having become friable and 
unworkable during storage. Although the focus of the IFP study was on intervals above 
the Saltwick Formation, four wells penetrated and recovered core within the Saltwick 
Formation from locations less than 1 km behind the cliffs at Ravenscar (Fig. 5.1). 
Sedimentary logs were produced for two of these wells (IFP no. 16 and 18) via 
description of the cores, noting grain size, sorting, lithology and sedimentary structures 
(e. g. Fig. 4.6 shows the log for IFP no. 18). 
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CHAPTER 6: Facies Analysis, Facies Architecture and Depositional 
Environments 
Chapter 4 summarised lithofacies interpretations, depositional environments and gross 
sequence stratigraphic context from the published literature. The depositional setting of 
the Saltwick Formation was essentially devoid of marine influence as evidenced by the 
lack of bioturbation and marine fossils (Livera, 1989; Eschard et al., 1992). Others have 
focused on providing measurements of channel and crevasse-splay sandbody 
dimensions and geometries (Ravenne et al., 1987; Mjos et al., 1993; Mjos and 
Walderhaug, 1989; Mjos and Prestholm, 1993). Channel stacking patterns were 
discussed by many of these same authors. This chapter analyses the facies content and 
architecture of the Saltwick Formation through a series of cross-section panels, 
followed by a discussion of the controls of channel stacking. 
6.1 Regional Overview 
One important regional observation is the lack of significant faulting along the cliff face 
between Whitby and Robin Hoods Bay (a distance of c. 8 km; Fig. 5.1). As discussed 
earlier, the Peak Fault at Ravenscar has been recognised for years as a syn-depositional 
fault and analysed with modern seismic interpretation (Milsom and Rawson, 1989). The 
only other fault of potential significance is at the River Esk, between the East and West 
Cliffs at Whitby (Fig. 5.1). The river course follows a mapped fault (BGS, 1998). 
Mapping of the Dogger Formation, corroborated in part by the author's GPS 
measurements, allows the throw of the fault to be estimated at 17 m at base-Saltwick 
level. The entire Saltwick Formation section is exposed in Whitby East Cliff, but on the 
West Cliff the base of the Saltwick Formation is no longer exposed and its top is 
eroded. Thus, one cannot determine accurately whether any thickening of the Saltwick 
Formation occurs across the fault. The West Cliff exposures of the Saltwick Formation 
comprise stacked channel sandbodies, whereas the East Cliff exposures comprise thin- 
bedded sandstones interbedded with shales. Based on this lateral variation in facies 
architecture, it has been argued that the Whitby Fault was active during Saltwick 
Formation deposition, which resulted in dense stacking of channel sandbodies in the 
hangingwall of the fault as exposed in Whitby West Cliff (Mjos and Prestholm, 1993; 
Alexander and Gawthorpe, 1993). However, if the fault post-dated the deposition of the 
Saltwick Formation, then one might argue for an alternative, stratigraphic control on 
channel stacking (see discussion in section 6.3.4). 
The area between the two faults is described as a relatively stable block during Saltwick 
Formation deposition. Combined with the exceptional continuity of the outcrop, the low 
structural dips (<5°) and absence of post-depositional faulting provide an excellent 
dataset to study the sedimentology and stratigraphy of the Saltwick Formation reservoir 
analogue. Comparable subsurface reservoirs tend to be more heavily faulted, or are 
interpreted to be faulted in an effort to explain reservoir behaviour. The fact that the 
Saltwick Formation analogue contains no faults allows the focus to be placed on 
stratigraphic controls on reservoir architecture. 
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6.2 Facies Analysis and Depositional Environments in the Saltwick Formation 
Five major facies associations are interpreted within the Saltwick Formation. Each of 
these associations is described and interpreted below, and summarised in Table 1. The 
facies associations represent a range of environments: fluvial and distributary channels, 
crevasse splays, floodplain shales, lagoonal/lacustrine shales, and peat swamps. These 
facies associations and environments are similar to those previously documented in the 
Saltwick Formation (e. g. Fox-Strangways et al., 1915; Livera and Leeder, 1981; 
Ravenne et al., 1987; Eschard et al., 1992, Mjos and Walderhaug, 1989; Mjos and 
Prestholm, 1993; Mjos et al, 1993; Tasaryova 2002). 
Facies Description Depositional m IFP core Model 
Environment thick/ 0% /K designation 
m wide and 
Mudstone, 
Siltstone, Coal 
Coal Coal mixed with siltstones, plant Inter-channel Shale 
debris non- 
reservoir 
Laminated 2-10cm dark, rich organic shale, Lacustrine 12-14%, Shale 
Mudstone and occasional pyrite 0.5-2.0 and non- 
Siltstone interchannel. reservoir 
Root penetrated Root penetrated, fg interbeds, abandoned 12-14%, Shale 
Mudstone and current ripple lam channel 0.5-2 and non- 
Siltstone plants and root material, pyrite reservoir 
and siderite nodules 
Sandstone 
Sheet Silt beds common, sometimes Crevasse 1-2m 17-19%, 
Sandstones structureless sand unit, plant and splay thick Crevasse 
roots, sub-rounded grains, current Sheet sand 5-15 and Poor-to- 
ripple lams, slight fining-upward 1-3km mod 
or slight coarsening-upward wide reservoir 
profiles possible 
Channel-fill Commonly structureless, massive Distributary 17-24%, 
Sandstones mod-to-well sort grains with channel 4-12m Channel 
tabular and trough cross-bedding, thick 8-150 and Excellent 
occasional clay drapes, stacking reservoir 
of units, deeply erosive scouring 100-800 
base, some fining upwards with m wide 
abandonment sequence 
Table 6.1: Sedimentary Facies of the Saltwick Formation. The Saitwick 
Formation contains 5 basic lithofacies from observations of the coastal outcrops 
and core description of IFP wells no. 16 and 18. This framework is scaled to be 
consistent with the resolution of the montages for correlation and a model layer 
of Im in thickness. 
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6.2.1 Channel-fill sandstones 
Description 
This facies association comprises coarse-, medium- and fine-grained sandstones in 
erosively based channelised units that are typically 4-12 m in thickness and 200-600 m 
in width. Texturally, the sandstones are moderately-to-well sorted and rounded. The 
basal surfaces of the sandstone units display 2-3 m of steep erosional relief and are 
locally lined by lags of mudclasts, pebbles and wood fragments (Livera and Leeder, 
1981; Mjos and Prestholm, 1993; Tasaryova, 2002). The channel-fill sandstones 
themselves exhibit an upward-fining trend in grain size. They contain tabular and 
trough cross-beds, structureless ("massive") intervals that comprise up to 30-40% of 
some channel-fill units (e. g. Fig. 6.1), and rare mudstone drapes along bed boundaries. 
Larger-scale architectural elements within the channel-fill sandstones include gently 
dipping surfaces that drape channel margins, representing lateral accretion of the 
channel margin. Channel-fill sandstones occur as isolated, single-storey bodies and they 
are stacked into larger, multi-storey complexes. Within these multi-storey complexes, 
individual channel-fill units are commonly truncated by erosion at the base of overlying 
channels. Cliff-face outcrops suggest that the channels had a range of orientations, from 
west-to-east (Tasaryova, 2002) to north-northwest-to-south-southeast (Mjos and 
Prestholm, 1993). 
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Fig. 6.1: The core sample (top; from IFP well no. 16) shows a typical well-sorted 
sandstone from the channel-fill sandstone facies association. The photograph 
(bottom, from Whitby West Cliff) shows two channel-fill sandstones separated by 
an interval of shale, which is interpreted to represent abandonment of the lower 
channel. 
Interpretation 
These sandstone units are interpreted as fluvial and distributary channel-fill deposits, 
based on their context within delta plain deposits. A fluvial origin is interpreted from 
the abundance of trough and tabular cross-beds, which record dune migration in 
response to uni-directional currents, and absence of structures that record tidal and wave 
processes. The occurrence of lateral accretion surfaces implies that the channels were 
sinuous, and behaved with some meandering component. Channel sinuosity is 
dependent on the sediment load, rate of discharge, width-to-depth ratio, grain size, rates 
of accommodation creation and avulsion patterns (Mjos and Prestholm, 1993). The 
distribution and stacking of channel-fill sandbodies is discussed later. 
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Reservoir character 
Core-plug data from IFP well no. 16 (southwest of photomontage 27, Fig, 5.1) show 
that this facies association has porosities of 17-23% and permeabilities of' 15-150 ml). 
Other measurements range from 13-27% (Mjos and Walderhaug, 1989) and average 
15%, although can range as high as 30% (Kantorowicz, 1985) with permeability 
ranging from 50-5000md form mini-permeameter studies (Dreyer el ul, 1990). 
Although some mudstone drapes occur within the sandstone units, their limited lateral 
extent and sparse distribution suggest that they would not significantly alter vertical 
permeability 
6.2.2 Sheet sandstones 
Description 
This facies association comprises sheet-like bodies of well-to-poorly sorted, very fine- 
to medium-grained sandstone, which are intercalated with siltstones and mudstones 
(e. g. Fig. 6.2). Individual sheet sandbodies are 10-70 cm thick and 0.5-3 km in lateral 
extent. They have sharp or erosive bases, contain planar-parallel lamination and current 
ripple cross-lamination, and display either a fining-upwards or uniform trend in grain 
size. The upper parts of many beds are penetrated by rootlets, and carbonaceous plant 
debris is also common. 
Bed stacking patterns define two groups, based on the geometry of the composite units. 
The first group comprises multiple sandstone beds stacked into composite units 0.5-1.5 
m thick and up to 2-3 km, which may display a slight coarsening-upward profile with 
interbedded siltstones. The second group is associated with small, erosively based 
channel sandbodies up to 2m thick and 10-30 m wide. These channels are significantly 
smaller than the channel-fill sandstones described above. 
w 
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Fig. 6.2: Core sample (from IFP well no. 18) of root-penetrated (upper-left), thin 
sandstone bed intercalated with siltstones. 
Interpretation 
The upward-fining character of the sandstone beds reflects waning flow velocity, while 
current ripple cross-lamination records deposition from unidirectional currents. The 
sheet-like geometry of the sandbodies suggests that flow was not confined to channels, 
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but occurred over a subaerial floodplain. Sheet sandstone beds are interpreted as 
crevasse splays, deposited during periodic flooding and overbank flow from the rivers 
represented by the channel-fill sandstones described above. These beds correspond to 
the single splays of Mjos et al. (1993). Mjos et al. (1993) reconstructed these beds to 
have a 3D lobate geometry, which is reflected by sheet-like geometries in 2D cliff faces. 
Intercalated silts reflect deposition from suspension under conditions of varying water 
levels. 
Crevasse-splay sandstones stacked into composite, upward-coarsening successions 
correspond to the composite splays of Mjos et al. (1993), may represent small delta 
systems deposited in floodplain lakes. Composite units with channelised geometries are 
interpreted as crevasse channels cut through levee successions during periodic floods. 
Reservoir character 
Core-plug data from IFP well no. 16 show that sheet sandstone beds in this facies 
association has porosities of 17-19% and permeabilities of 5-15 mD. Siltstone interbeds 
are laterally continuous, and hence will significantly reduce vertical permeability in this 
facies association. Horizontal permeability in the sandstone beds will remain relatively 
high. Note that there is a significant difference in permeability between the crevasse- 
splay sandbodies (5-15 mD) and the fluvial/distributary channel-f ill sandbodies to 
which they are likely connected (15-150 mD) from the core measurements. A range of 
1-14% is reported from outcrop studies (Kantorowicz, 1985). 
6.2.3 Root-penetrated mudstones and siltstones 
Description 
This facies association comprises intercalated, carbonaceous mudstones and siltstones 
that are penetrated by rootlets (Fig. 6.3). Sedimentary structures include soft-sediment 
deformation, pyrite nodules, and thin (1-2 cm) beds of fine-grained sandstone. Burrows 
are absent. Thin (10-15 cm), organic-rich mudstone beds also occur within the 
association. Successions of this facies association can reach 3m in thickness, but are 
typically truncated by channel-fill sandstones and intercalated with sheet sandstones. 
Several successions occur as the fine-grained upper part of channel-fill bodies. In many 
cliff faces, deposits of this facies association are heavily weathered and poorly exposed, 
such that they are difficult to distinguish from lagoonal and/or lacustrine shales 
described below. 
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Fig. 6.3: Hand specimen (from outcrops just east of Whitby) of root-penetrated 
siltstones and silty sandstones. 
Interpretation 
This facies association is interpreted to record deposition from suspension in quiet water 
conditions, with periodic influxes of silt and fine sand. The pervasive occurrence of 
rootlets suggests repeated subaerial exposure. The intercalation of this facies association 
with crevasse-splay sandbodies, and erosion by fluvial/distributary channel-till 
sandbodies suggests deposition lateral to these sandbodies on a floodplain. Successions 
occurring in the upper part of channel-fill bodies are interpreted to record channel 
abandonment. 
Reservoir character 
Core-plug data from IFP well no. 16 show that this facies association has porosities of 
12-14% and permeabilities of 0.5-2 mD. The facies association facies would be 
considered as non-reservoir, and could create baffles and/or harriers between the 
sandbodies with which it is intercalated. 
6.2.4 Laminated mudstones and siltstones 
Description 
This facies association comprises laminated, organic-rich mudstones, siltstones and 
very fine-grained sandstones that lack rootlets and bioturbation (Fig. 6.4). At outcrop, it 
is difficult to distinguish these deposits from those of the root-penetrated mudstones and 
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siltstone facies association, because both are poorly exposed. However, deposits of this 
facies association are observed in core (Fig. 6.4). 
Interpretation 
The fine grain size, laminated character and absence of rootlets within this association 
record a deposition from suspension within quiet, standing bodies of water. The absence 
of bioturbation suggests that there was no marine influence. Consequently, the facies 
association is interpreted to record deposition within lakes and/or lagoons on the delta 
plain. 
Reservoir character 
The fine-grained character of these deposits suggests that they have very low 
permeabilities, and represent non-reservoir units that may act as baffles and/or barriers. 
The IFP dataset shows the lowest porosity values of 8% (<2 mD) for the most shaly 
portions of the reservoir. 
6.2.5 Coals 
Description 
This facies association consists of coals, which typically form seams less than 10 cm 
thick and of variable lateral extent. Many coal seams are less than 10 m in extent, 
although others are correlative for at least several kilometres along the cliff-face 
exposures (e. g. Fox-Strangways et a/., 1915, Livera and Leeder, 1981). Coal seams 
overlie prominent rootlet-bearing horizons within root-penetrated mudstones and 
siltstones. 
Interpretation 
The coal seams represent accumulation and preservation of organic matter within peat 
swamps. 
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Reservoir character 
The fine-grained character of these deposits suggests that they have very low 
permeabilities, and represent non-reservoir units. 
6.3 Facies distributions and Facies Architecture 
6.3.1 Overview of coastal cliff faces, Staithes to Log Nab 
Figure 6.5 presents an overview of facies distributions across all the photomontages 
over a distance of approximately 28 km from Staithes Harbour in the northwest, 
progressing via Whitby to Long Nab in the southeast (Fig. 5.1). Three facies 
associations, or groups of facies associations, are distinguished on the panels that form 
this figure: (1) channel-fill sandstones, (2) sheet sandstones, and (3) mudstones and 
siltstones, including coal seams. This last category comprises three of the facies 
associations described above, but poor local exposure prevents confident subdivision of 
this category into its constituent facies associations in the cliff-face photomontages that 
form the basis of the panels. The panels are hung on the top of the Dogger Formation to 
form a stratigraphic section relative to this datum. Sketch lithological/sedimentological 
logs were drawn from the photomontages at locations where the photographic data are 
sharp and clear. Some of these logs were used as pseudo-wells during later reservoir 
model construction (Chapter 7). The panels illustrate large-scale facies architecture 
along the entire section of the coastal cliff faces. This representation provides a basis to 
analyse the controls on delta plain facies architecture, stratigraphy and morphology. 
The first panel (Fig. 6.5a) shows the northwestern part of the cliff faces (from Staithes 
to Sandsend; Fig 5.1). These outcrops cover a 15 km stretch of coastline, and are 
relatively poorly exposed in comparison to the cliffs southeast of Whitby. The facies 
architecture of this panel is dominated by single-storey and multi-storey channel-fill 
sandbodies, and it is the most sandstone-dominated portion of the coastal cliffs. Three 
major, multi-storey channel-fill complexes, each of 1.5 -3 km width, are exposed. Two 
of these complexes occur in the eastern part of Runswick Bay and another lies 
approximately 2 km further to the southeast, at Whitby West Cliff. The channel-fill 
sandstones show evidence of erosive bases in some places and internal lateral accretion 
in others, and fine-grained channel-fill deposits are absent. The heavily weathered 
character of cliff-face exposures between these multi-storey complexes implies that 
these sections of the cliff face are composed predominantly of mudstones and siltstones. 
As a consequence of this poor exposure, it is difficult to correlate sheet sandstones in 
between the channel-fill sandbodies. Widespread coal seams also appear to be absent. 
There is no evidence of major coarsening-upward sequences in this panel, suggesting 
that mouth bar and/or delta front successions are absent. These observations are in 
agreement with the more generalised cross-section of Mjos and Prestholm (1993). This 
panel shows a portion of the delta plain that was dominated by multi-storey channel 
sandbodies, and thus resembles an upper delta plain deposit (Galloway, 1975; Elliot 
1986; Mjos and Prestholm, 1993; Bhattacharya, 2006). Channel belts, represented by 
the three multi-storey channel complexes, are relatively closely spaced. 
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Fig 6.5a: Facies distribution in the Saltwick Formation along the northwestern part of the coastal cliff exposures. Three facies associations or groups of facies associations are 
distinguished: (1) channel-fill sandstones in yellow, (2) sheet sandstones in green, and (3) mudstones and siltstones in brown. Facies distributions are not shown in areas of non- 
exposure due to severe erosion and dense vegetation, but are interpreted to comprise predominantly mudstones and siltstones. The top of the Dogger Formation is used as a datum 
surface for the panel. The location of the panel is shown in Figure 5.1. See text for discussion. 
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Fig. 6.5b: Facies distribution in the Saltwick Formation along the central part of the coastal cliff exposures. The colour scheme is the same as in Figure 6.5a. The top of the Dogger 
Formation is used as a datum surface for the panel. The location of the panel is shown in Figure 5.1. See text for discussion. 
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Fig 6.5c: Facies distribution in the Saltwick Formation along the southeastern part of the coastal cliff exposures. The colour scheme is the same as in Figure 6.5a. The top of the 
Dogger Formation is used as a datum surface for the panel. The location of the panel is shown in Figure 5.1. See text for discussion. 
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The next panel (Fig. 6.5b) depicts the central part of the cliff-face exposures from 
Whitby to Ness Point (Fig. 5.1). The facies architecture here is different to that exposed 
in the cliffs to the northwest, because it contains fewer channel-fill sandstones and 
more crevasse-splay sheet sandstones. The latter can be readily correlated along the 
cliff faces. As a result of this different facies architecture, the sandstone content of the 
succession is lower than in the cliff-face exposures further northwest (Fig. 6.5a). 
Several of the outcrops are accessible, and the mudstones and siltstones portrayed in 
the panel are observed to be root-penetrated floodplain deposits that contain thin 
palaeosols and coal seams. Although there is one multi-storey channel complex within 
the area of the panel, at High Whitby, most other channel sandbodies are single-storey 
in architecture. Within the 2D cliff-face exposure, these single-storey channel 
sandbodies appear to be isolated within successions of mudstones and siltstones that 
contain crevasse-splay sheet sandstones. Most channels contain lateral accretion 
surfaces. The multi-storey channel-fill sandstone complex at High Whitby is <2 km 
wide and coincides with an apparent thickening of the Saltwick Formation section, 
suggesting a structural and/or stratigraphic control on deposition (section 6.3.3). There 
is no evidence of major coarsening-upwards sequences in this panel, suggesting that 
mouth bar and/or delta front successions are absent. The decrease in multi-storey 
channel-belt sandbodies and corresponding increase in single-storey channel 
sandbodies suggests deposition in a location that was lower on the delta plain than that 
interpreted for the previous panel (Fig. 6.5a). Elliot (1986) states that multi-storey 
channel bodies characterise the upper delta plain, while the lower delta plain contains 
more uniformly distributed, single-storey channel bodies. However, it is difficult to 
pinpoint the bayline, defined as the landward limit of tidal influence (Coleman and 
Prior, 1982; Posamentier et al., 1988), which marks the interface between the upper and 
lower delta plain in ancient deposits (Elliot, 1986; Bhattacharya, 2006). The absence of 
marine and tidal indicators within the Saltwick Formation (Livera and Leeder, 1980) 
suggests that Figure 6.5b does not represent lower delta plain deposition, but instead 
the seaward part of the upper delta plain. Alternatively, the differences between the 
panels in Figure 6.5a and 6.5b could be explained by lateral variation along the strike of 
the shoreline, with the areas depicted in Figures 6.5a and 6.5b lying respectively within 
a major channel fairway and lateral to it. 
The final panel (Fig. 6.5c) shows the southeastern part of the cliff-face exposures (Fig. 
5.1). The panel shows only a sparse distribution of single-storey channel sandbodies 
encased in crevasse-splay sheet sandbodies, mudstones and siltstones. The exposed 
section is therefore sandstone-poor. This particular distribution of channel sandbodies 
fits the channel-stacking criteria of Elliot (1986) for lower delta plain deposits. Some 
indications of marine microfossils and brackish-water algae have been reported in the 
inland exposures of the Saltwick Formation, to the west of the cliff faces depicted in 
this panel (Hill, 1974; Hill and Shute, 1975; Livera and Leeder, 1980). These 
palaeontological data may indicate tidal influence in the lower part of the Saltwick 
Formation. Thus, based on the absence of multi-storey channel sandbodies, the 
abundance of single-storey channel bodies, and the likely presence of marine 
microfossils, this panel is interpreted to represent lower delta plain deposition. As in the 
other panels, there is no evidence of major coarsening-upwards mouth bar and/or delta 
front successions. 
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6.3.2 Depositional environments of the Saltwick Formation delta plain 
On the basis of the architectures described and interpreted above, Figure 6.6 shows the 
relative position the three panels (Fig. 6.5a, b, c) and the bayline. Figures 6.5a-b 
represent the upper delta plain, while Figure 6.5c is interpreted to represent the 
transition to the lower delta plain. In these coastal exposures there is no evidence for 
significant marine influence, mouth bar or shoreline deposits. Consequently, without 
evidence of a delta front, it is difficult to determine where the Yorkshire Delta, 
including the Saltwick Formation, fits in the Galloway (1975) tripartite model of deltas 
(Fig. 2.1; Elliot, 1986; Bhattacharya, 2006). There are some points however that can be 
made. The Saltwick Formation is relatively consistent in thickness at approximately 40 
m. There are some areas, most notably near the High Whitby channel complex (Fig. 
6.5b), where thickening may have occurred and reasons for this are discussed later. 
The consistent occurrence of palaeosols and rootlets at the top of crevasse-splay sheet 
sandstones and in many of the mudstones and siltstones provides evidence of 
significant subaerial exposure. There are numerous cycles of shallow water flooding 
and exposure in much of the Saltwick Formation, as evidenced by almost varve-like 
centimetre-scale variations in grain size in many of the interchannel silts. There are 
not significant lacustrine deposits and deeper water lagoonal sediments in the exposed 
sections of the Saltwick Formation, although lagoonal deposits are present in the 
overlying Eller Beck, Cloughton and Scarborough Formations. 
The Saltwick Formation may therefore be most appropriate as an analogue for parts of 
the Ness Formation that lack lagoonal deposits and are instead interpreted to represent 
upper delta plain deposits (e. g. middle part of cycle III, unit 3.2, and upper part of 
cycle II., units 2.4-2.1, in the Ness Formation, Brent Field; Livera, 1989, further 
discussed in section 10.2). Both the Yorkshire and Brent deltas contain significant 
amounts of shale. Estimation of total sand content from the illustrations of Livera 
(1989) and from the models discussed later (section 7.2) would characterise both 
environments as <50% net sand. This would place both deltas on the Orton and 
Reading (1993) diagram (Fig. 2.2) as relatively muddy deltas in the "mixed mud/silt" 
or at best "fine sand" category of modem deltas. 
The width: thickness ratios of channel sandbodies in various modem and ancient deltas 
are compared by Mjos and Prestholm (1993). Using data for Brent from Livera (1989) 
and their own variograms of the channels of the Saltwick Formation, both of these 
ancient deltas display width: thickness rations of c. 30. This is not unlike ratios of the 
modem Rhone, Rhine and Mississippi rivers (<50) and the ancient Ferron Sandstone of 
Utah (8-44). 
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Figure 6.6: Schematic map of a delta (after Bhattacharya, 2006) showing the 
interpreted positions of the three panels that comprise Figure 6.5. Figure 6.5a 
lies on the upper delta plain close to the confined alluvial plain, Figure 6.5b 
represents the middle reaches of the upper delta plain, and Figure 6.5c 
represents the transition into lower delta plain. See text for discussion. 
6.3.3 Detailed facies architecture in reservoir modelling study area 
The following section deals with the area that was chosen for reservoir modelling work, 
which incorporates Whitby West and East Cliffs, exposures perpendicular to these 
cliffs along the valley of the River Esk, and High Whitby (Figs. 5.1,6.5a-b). This area 
is mostly free of vegetation, has excellent outcrop continuity, is largely accessible by 
foot near the harbour, and provides at least a small amount of 3D control on facies 
architecture. Detailed facies architecture along cliff faces within this study area are 
shown in a series of annotated photomontages (Figs. 6.7-6.17, Appendix DVD). 
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The modelling study aims to create a number of conceptual models ("scenarios") of 
reservoir architecture based on the coastal exposures of the Saltwick Formation. 
Creating interpretations of reservoir architecture with appropriate scaling to the input 
data and software requirements is important. In this case, the identification and 
capturing of channel sandbody distributions along the cliff-face exposures was 
paramount to provide input data to the models. Outcrop and core observations are 
required in a format that can be readily incorporated into a reservoir model. The 
method chosen was to create a series of pseudo-wells, based on direct observation of 
lithology and facies at specific locations on the photomontages, summarised as 
lithological sketch logs and inferred gamma ray (GR) logs. The pseudo-wells were 
located such that their spacing is comparable to wells in a reservoir, but their locations 
and spacing also capture all key aspects of the facies architecture. 
Given the data resolution and reservoir model limitations, it was determined that gross 
three-fold facies subdivision of channel sandbodies (Ch, yellow), crevasse-splay sheet 
sandbodies (CS, green) and inter-channel mudstones and siltstones (IC, not coloured) 
can characterise the facies architecture at the required level of detail (Figs. 6.7-6.17). 
Superimposed on the photomontages are sketch sedimentary logs at pseudo-well 
locations. Correlations in poorly exposed areas are dotted on the sections. The 
following section briefly describes the facies architecture displayed on the 
photomontages (Figs. 6.7-6.17), highlighting important facies-architecture 
relationships. The area selected for reservoir modelling stretches from Whitby East 
Cliff in the northwest to Hawsker Bottoms in the southeast (Figs. 5.1,6.5a-b). These 
cliff-face exposures can be subdivided into four geographical areas of different facies 
architecture, summarised below from northwest to southeast. 
1. Whitby West Cliff (photomontage 24; Figs. 5.1,6.5a, 6.7). These cliff faces contain 
a multi-storey channel-fill sandbody at least 23 m thick. At least four horizons of 
channel-fill storeys can be identified within the composite sandbody (Fig. 6.7). 
Detailed stacking relationships of the various channel-fill sandbodies in this exposure 
are provided in Alexander and Gawthorpe (1993). The cliff faces are easily viewed 
from the west jetty at Whitby Harbour, and their sandstone-dominated character is in 
marked contrast to the section exposed in Whitby east Cliff. 
2. Whitby East Cliff to the eastern margin of Saltwick Bay (photomontages I a-3b 
and 19; Figs. 5.1,6.5a, 6.8-12): This section of the cliff faces exposes crevasse-splay 
sheet sandstones intercalated with root-penetrated mudstones and siltstones. There are 
very few channel-fill sandbodies along these exposures, and those present are single- 
storey in architecture (4-10 m thick, c. 200m wide). Small crevasse channels (<2 m 
thick) also occur, within deposits assigned to the sheet sandstone facies association. 
3. The eastern margin of Saltwick Bay to Widdy Field (photomontages 4,5 and 7a; 
Figs. 5.1,6.5a, 6.13-15). These cliff faces contain a large multi-storey channel-fill 
complex at High Whitby (Fig. 6.14) encased within crevasse-splay sheet sandstones, 
mudstones and siltstones. The High Whitby multi-storey channel complex lies 
stratigraphically in the middle of the Saltwick Formation. It is composed of at least 6 
large channels in its upper part, each of which is 4-18 m thick, 50-200 m wide, and 
with width: thickness ratios of 15-40. A series of thinner (<8 m), less extensive channels 
occur in the lower part of the complex. A discussion of channel sandbody stacking due 
to avulsion, incision and other fluvial processes, especially in relation to the High 
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Whitby complex (e. g. the interpretation of Mjos et al., 1993), is included below in 
Section 6.3.4. 
4. Widdy Field to Hawsker Bottoms (photomontages 7b, 7c, 8a and 8b; Figs. 5.1, 
6.5a, 6.16-17). This stretch of the coastal cliffs exposes a number of single-storey and 
small multi-storey channel sandbodies interbedded with crevasse-splay sheet 
sandstones, mudstones and siltstones. Many of the channel sandbodies occur in the 
lower part of the Saltwick Formation stratigraphy and/or directly overlie the Dogger 
Formation. In the 2D cliff faces, it appears that the channel sandbodies are not 
connected to each other. 
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Appendix 13. Photomontage 24A 
Fig. 6.7: Interpreted photomontage of Whitby West Cliff. Three gross lithological groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) and inter-channel 
mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn on the photomontage. 
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Appendix 12. Photomontage 19 
Fig. 6.8: Interpreted photomontage of the eastern face of the River Esk valley at Whitby harbour (contiguous with Whitby East Cliff to the left; Fig. 6.9). Three gross lithological 
groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) and inter-channel mudstones and siltstones (IC). 
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Fig. 6.9: Interpreted photomontage of the western part of Whitby East Cliff. Three gross lithological groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) 
and inter-channel mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn on the photomontage. 
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Appendix 2. Photomontage iB 
Fig. 6.10: Interpreted photomontage of the eastern part of Whitby East Cliff. Three gross lithological groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) 
and inter-channel mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn on the photomontage. 
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Appendix 3. Photomontage 2A 
Fig. 6.11: Interpreted photomontage of The Scar, contiguous with Whitby East Cliff (Fig. 6.10). Three gross lithological groups are interpreted: channel-fill sandstones (Ch), 
sheet sandstones (CS) and inter-channel mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn on the photomontage. 
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Appendix S. Photomontage 3 
Fig. 6.12: Interpreted photomontages of the cliff faces near Saltwick Nab and Saltwick Bay, contiguous with photomontages of The Scar (Fig. 6.11. Vegetation obscures much 
of the outcrop in Saltwick Bay. Three gross lithological groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) and inter-channel mudstones and siltstones 
(IC). Sketch logs at pseudo-well locations are drawn on the photomontages. 
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Fig. 6.14: Interpreted photomontage of the cliff faces southeast of Black Nab (Fig. 6.13). Three gross lithological groups are interpreted: channel-fill sandstones (Ch), sheet 
sandstones (CS) and inter-channel mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn on the photomontages. 
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Fig. 6.15: Interpreted photomontage of the cliff faces at Beacon Hill, contiguous with photomontages of Black Nab (Fig. 6.14) and some 4 km southeast of Whitby. The multi- 
storey High Whitby channel-fill complex lies in the centre of this photomontage. The complex is 1.1 km wide and up to 20 m thick., located some 4 km SE of Whitby. Major 
channel sandbodies are labelled A, B and C (from youngest to oldest). Three gross lithological groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) and 
inter-channel mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn on the photomontages. Note that a high density of pseudo-wells is used in the 
vicinity of the High Whitby channel complex, in order to capture the internal stratiaraphic complexity of this body in the resulting reservoir models. 
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Appendix 8. Photomontage lB 
Fig. 6.16: Interpreted photomontages of the cliff faces near Widdy Field and Maw Wyke Hole, contiguous with photomontages of Beacon Hill (Fig. 6.15). Three gross lithological 
groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) and inter-channel mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn 
on the Dhotomontages. 
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Appendix 11, Photomontage 8B 
Fig. 6.17: Interpreted photomontages of the cliff faces between Maw Wyke Hole and Hawsker Bottoms, contiguous with photomontages in Figure 6.16. Three gross lithological 
groups are interpreted: channel-fill sandstones (Ch), sheet sandstones (CS) and inter-channel mudstones and siltstones (IC). Sketch logs at pseudo-well locations are drawn 
on the photomontages. 
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6.3.4 Controls on facies architecture and channel-sandbody stacking 
The interpreted photomontages (Figs. 6.7-6.17) are in broad agreement with Mjos et 
al. 's (1993) results describing the width: thickness ratios and orientations for channel 
and sheet sandbodies. Mjos and Prestholm (1993) recognised the occurrence of multi- 
storey channel bodies as criteria for an upper deltaic plain setting, with single-storey 
channels predominating further seaward on the lower delta plain (cf. Elliot, 1986). 
Channel-sandbody stacking in the Saltwick Formation was attributed by Mjos and 
Prestholm (1993) to channel-belt avulsion. In this interpretation, differential compaction 
of inter-channel siltstones and mudstones created topographic gradients that caused 
avulsion of adjacent river channels, which through time created multi-storey stacking of 
channel-fill sandbodies. However, alternative interpretations of channel-sand body 
stacking patterns are possible, particularly to explain the origin of the multi-storey 
channel-fill complexes exposed at High Whitby (Fig. 6.15) and Whitby West Cliff (Fig. 
6.7). Identifying the control(s) that produced the stacking of channels into the multi- 
storey complexes is difficult, and must rely on interpreting their context within the 
adjacent successions. 
At High Whitby, the overlying marine deposits of the Eller beck Formation lack their 
usual distinctive character and cannot be confidently distinguished from the Saltwick 
Formation. Consequently, it is difficult to tell the overall thickness of the Saltwick 
Formation. However, there does not appear to be any significant thickening of the 
Formation across any syn-depositional faults, which would eliminate a syn-depositional 
structural control on channel stacking at High Whitby. If the Mjos and Prestholm (1993) 
interpretation of an autocyclic, avulsion-related control is true, then the degree of 
differential compaction must have been minor, just above a threshold value needed to 
keep the channel in a relatively fixed position. In this interpretation, channel migration 
and/or avulsion within a narrow belt produced the multi-storey complex. The evidence 
for differential compaction below the complex (e. g. in wells 7A2 and 7A3, Fig 14 and 
Appendix 7) is at best slight, because the channels erode directly into a small (4-5 m) 
thickness of inter-channel shales and sheet sandstones. This small thickness hardly 
seems sufficient to allow significant differential compaction. Although the stacking of 
channel sandbodies could have been initiated with a small degree of compaction, 
another mechanism is favoured. The significant erosion at the base of the multi-storey 
complex suggests that it may be an incised valley, implying that it is younger than the 
succession into which it is cut. If so, channel-sandbody stacking was a product of 
vertical accretion during the infilling of the valley. The causes of incised valleys include 
relative falls in sea-level and reductions in sediment supply (e. g. Schumm et al., 1994). 
Previous sequence stratigraphic interpretations have placed sequence boundaries 
associated with incised valley development at the base of Dogger, Eller Beck and 
Scalby Formations, but not within the Saltwick deposition (Eschard et al., 1992; Mjos 
and Prestholm, 1993). Hence, there is little regional evidence of a major sea-level fall 
triggering valley incision. However, a minor relative fall in sea-level or decrease in 
sediment supply could have caused river incision to initiate. 
At Whitby West Cliff, the multi-storey channel-f ill complex has been attributed to 
channel-sandbody stacking the hangingwall of a syn-sedimentary fault (Alexander and 
Gawthorpe, 1993; Mjos and Prestholm, 1993). It is possible that it is so, but it is not the 
likeliest scenario, because there is no evidence of significant thickening (or not) of the 
Saltwick Formation across the fault, which runs along the course of the River Esk. In 
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addition, there are at least three other major multi-storey channel sandbodies exposed 
along the coastal cliffs, none of which lie adjacent to faults. The complex is more likely 
to represent the fill of an incised valley (due to a minor relative fall in sea-level or 
decrease in sediment supply) of channel-belt confinement on the upper delta plain. 
These interpretations suggest that the fault was either post-depositional or, at best, syn- 
depositional in the sense of being a minor growth fault initiated by differential 
compaction around the site of the channel belt. 
6.3.5 Reservoir character of multi-storey channel sandbodies 
The reservoir quality of the multi-storey channel-fill complexes described above would 
be excellent. The channel sandbodies would have uniformly high porosity and 
permeability, due to their sand-prone character, and individual channel sandbodies are 
in good communication with each other. Deep erosion at the base of each complex 
would introduce additional communication with single-storey channel and crevasse- 
splay sheet sandbodies. The laterally impersistent shales within the multi-storey 
channel-fill complexes would not form baffles to vertical flow, and thus drainage would 
be efficient. Shale-lined lateral accretion surfaces at channel margins (e. g. Fig. 6.14) 
may form flow baffles, although the channel sandbodies would still be in 
communication with adjacent crevasse-splay sandstones. Once outside the boundaries 
of the channel complexes, only those wells penetrating crevasse splay sands in 
communication with, and nearby to, a channel complex would have significant 
production. Channel sandbodies and juxtaposed crevasse-splay sheet sandbodies are in 
static connectivity, but with the crevasse-splay sandstones will be more difficult to 
produce in a dynamic reservoir context. The further the crevasse-splay sandstones are 
from the multi-storey channel complex, then the less aquifer support they will receive 
from the multi-storey sandbody. The crevasse-splay sandbodies are also separated over 
much of their areal extent by shales, reducing the overall vertical permeability of 
successions that contain them, and they have lower porosities and permeabilities than 
the channel sandbodies. Any field development plan will be required to take into 
consideration these aspects of facies distribution and architecture in order to optimise 
production through appropriate well placement, well type and well completion/re- 
completion philosophies. A development strategy to find and complete in or near the 
multi-storey channel complexes, with horizontal/high deviation wells to the laterally 
juxtaposed crevasse-splay sandbodies, will optimise recovery. 
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CHAPTER 7: Construction of reservoir models from outcrop data 
The use of reservoir modelling is discussed in Chapter 3.2. The choice of modelling 
software for this study was based on suitability and availability. Although many 
software packages have been developed within industry and academia, Petrel 
(Schlumberger) and IRAP-RMS (Roxar) are currently the most widely used, 
commercially available software tools. Both of these software tools are designed for 
object-based modelling, and contain specific "modules" for modelling channel objects. 
The availability of in-house expertise in using IRAP-RMS (v. 7.5) at Imperial College 
and its suite of menu options for defining channel parameters meant that it became the 
propitious choice of modelling software for this project. 
7.1 Converting geological data into subsurface format 
A database of control points in the form of pseudo-wells was constructed from the 
outcrop and core observations in order to produce a subsurface-type dataset (Fig. 7.1). It 
is important that the pseudo-wells are constructed at an appropriate scale in order to 
honour the resolution of the outcrop data. Since the pseudo-wells are based on 
interpretations of photomontages with resolutions of 0.5-1 m, the interpretation should 
not extrapolate to smaller scales. For example, individual sandbodies (channels, 
crevasse splays) are explicitly represented at the pseudo-well control points, but not 
grain size variations or sedimentary structures within each Sandbody. This level of 
detail is appropriate, because the reservoir modelling is focused on the juxtaposition and 
connectivity of sandbodies rather than on sweep efficiency due to smaller-scale 
heterogeneities. 
The windows-based correlation and mapping package Rockworks 2004 was chosen to 
compile the database of pseudo-wells (and qualitative, synthetic gamma-ray curves). 
Rockworks is a subsurface-specific software tool used in the petroleum, environmental 
(hydrological) and engineering industries. It has the functionality to map, correlate and 
interpolate lithological units based on 1D data (e. g. boreholes). Particular strengths of 
the software are its ease of use and ability to import and export a wide range of non- 
conventional data formats. Pseudo-wells were constructed either from lithological logs 
described in the field (for exposures accessible on foot) or from vertical lithological 
sections extracted from the cliff-face photomontages (for inaccessible exposures). These 
pseudo-wells were subsequently digitised in the windows-based Grapher 5 programme. 
Figure 7.1 is a map showing pseudo-well locations between Whitby and High Whitby, 
over a distance of approximately 5 km along the coastal cliffs (Fig. 5.1), which forms 
part of the study area. This area was chosen for the following four reasons: 
1. outcrops in Whitby and for 1.5 km further east are easily accessible on foot at 
low tide, 
2. the outcrops have some limited three dimensional control along the River Esk, 
3. the coastal cliff-face exposures in this area are of the highest quality, and 
4. the relationship between channel and crevasse-splay sandbodies is clearly 
exposed. 
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Fig. 7.1: The locations of all pseudo-well points studied in the Whitby area, 
highlighting the location of the High Whitby channel complex in the lower right. 
Well locations are also found within the simulation grid and a listing of UTM 
coordinates in the appendix DVD. 
The locations of the pseudo-wells east of Whitby harbour were chosen on the basis of 
two criteria: (1) a spacing of 100-200 m was used unless there were long, consistent 
stretches of cliff-face exposures showing laterally extensive crevasse-splay sheet 
sandbodies interbedded with shales, in which case the spacing was lengthened, and (2) 
special attention was paid to capturing the interface between channel and crevasse-splay 
sandbodies. Pseudo-well locations also correspond to the vertical sections described by 
Tasaryova (2002), where detailed descriptive data such as grain size, sedimentary 
structures, and bed thickness are also available. UTM co-ordinates were taken with a 
GPS (GARMIN GPS 12) at the location of each of these logged sections (appendix A). 
Locations for all other pseudo-wells were recorded with the GPS or, where inaccessible, 
were deduced using topographic maps checked against the photomontages. The 
estimated spatial uncertainty with the GPS readings is 3-4 m, whilst the photomontage- 
to-map translation could be more (up to 25 m in inaccessible areas). Given the 
construction of the model relates to a hypothetical field of 6.9 x 6.9 km, the spatial 
uncertainty is relative and not significant in this study. The sequence and location of the 
photomontages along the discontinuous coastal outcrops west of Whitby (between 
Whitby West and Loftus/Skinningrove; Fig. 5.1) were validated during a low-level 
overflight along the coast. UTM co-ordinates were also recorded using the GPS at 
accessible ground locations and compared to the photomontages to provide some 
reference for potential future mapping. 
A total of 50 pseudo-well locations were collated and spatially referenced (via UTM 
coordinates). A schematic interpreted gamma-ray log was drawn for each pseudo-well 
reflecting the relative amount of clean sand (low API values) versus shale content (high 
API values) consistent with the facies description described in chapter 6.2. Gamma-ray 
curves have been drawn as follows. Thick (>2 m), clean sandstones, which are easily 
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identifiable at the outcrop and on the photomontages as channel sandbodies. are 
assigned a value in the range 15-35 API units. Thinner, laterally extensive crevasse- 
splay sandstones are given values of 35-50 API units. Siltstones (50-65 All units) and 
mudstones (65-80 API units) are difficult to distinguish in the photomontages. Those 
fine-grained sediments are grouped together as "shales" in the reservoir models, and 
assigned gamma-ray values of 50-80 AN. The shales are always considered as non- 
reservoir in the models. The schematic gamma-ray curves described above correspond 
closely to the measured gamma-ray curves in the 11 11 wells drilled further cast and 
landward of the cliff-face (e. g. Fig. 4.5, Ravenne ei at.. 1987). Figure 7.2 shows an 
example of a pseudo-well as described from a photomontage. 
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Fig. 7.2: An example of a pseudo-well (7A2; see also Fig. 6.14) constructed from 
an outcrop photomontage (right). The schematic gamma-ray log depicts a 
channel sandbody (54-61 m) as a "blocky", low-value unit and a crevasse-splay 
sandbody (50 m) as a moderate-value "spike". Shales have high gamma-ray 
values. 
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7.1.1 Model dimensions, grids and isochores 
The modelled area contains a 6.9 km section ofthc coastal cliffs and a 0.5 kill section of 
exposures along the valley of the F. sk River near Whitby town centre (Fig. 5.1). A 
significant proportion of these outcrops are accessible on l of during lo%% tide. A square 
of 6.9 x 6.9 km was then used to define the area ol'the models, with sides parallel and 
perpendicular to the coast. This area approximates that of a reasonably sied North Sea 
field, for comparison, the Brent Field is 3.5kn1 x 12 kill in size, approximately 42 hill` 
in area. 33 of the original pseudo-wells provide control in the model area (Fig. 7.3). 
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Fig 7.3: Reservoir model volume viewed from the northeast, showing the location 
of pseudo-well data. The colours in the pseudo-wells show channel sandbodies 
(red), crevasse-splays sheet sandbodies (dark green) and shales (light green) in 
this realisation. The reference well for all static connectivity calculations is in the 
centre of the model (yellow line), back from the cliff-face and is highlighted in 
blue. A north arrow is located to upper centre of the diagram. 
Grid blocks of 70.7 x 70.7 xIm (x. y, z) dimensions were selected after sensitivity 
tests of larger and smaller cell sizes in vertical and horizontal dimensions versus run 
time of the realisations. These grid block dimensions allow geological descriptions from 
the photos of the cliff-face photomontages to be captured at reasonable detail, while 
producing relatively short run times for the model execution (approximately 
30minutes). A z-axis resolution of I in in the resulting models compares favourably to 
the 1-2 m thickness of crevasse-splay sheet sandbodies and allows channel sandbodies 
(3-23 m thick) to be represented by numerous layers An x-y axis resolution of 70.7m is 
sufficient to describe the aerial distribution and geometry of channel and crevasse-splay 
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sandbodies. Using 70.7 x 70.7 x1m grid blocks, the model contains 581,839 cells 
arranged in 31 layers. 
Given the absence of significant faulting as observed from outcrops in most of the study 
area, maps were constructed on the top and base Saltwick Formation. Stratigraphic 
cross-sections were hung on the base Saltwick Formation (Chapter 6). Once the pseudo- 
well data were imported into the model volume, some quality control of isochore 
thickness away from the pseudo-wells was performed in order to ensure a relatively 
consistent thickness of the Saltwick Formation throughout the modelled region. Thus 
the isochore was constrained to thickness values of 28-32 in near the edges of the study 
area, where pseudo-well data are absent. As a result, the Saltwick Formation thickness 
is almost uniform in the model volume, consistent with the limited thickness variations 
observed along the cliff-face exposures. 
7.2 Model input: facies volume fractions and sandbody geometries 
7.2.1 Facies volume fractions 
A three-fold facies characterisation was used in the models, consistent with the 
interpretations of cliff-face photomontages and pseudo-wells (Figs. 6.7-6.17): (1) 
channel sandbodies, (2) crevasse-splay sheet sandbodies, and (3) inter-channel shales. 
The proportion of these three facies groups in the model volume (volume fraction) was 
calculated from the 33 pseudo-wells in the study area. Manual checking of the pseudo- 
well data against cross-sections extracted from the model volume was performed in 
order to ensure that the correct facies were assigned at the wells. The volume fractions 
of the three facies groups within the model as calculated: 34.4% channel sandbodies, 
8.6% crevasse-splay sandbodies, and 57% shales (Fig. 7.4). Thus sandstone constitutes 
a volume fraction of 43% in the model. During the population of the model volume with 
channel and crevasse-splay objects, the software will attempt to honour these volume 
fractions, in addition to other user-defined rules that govern object geometries and 
distributions. The volume fractions listed above provide a base case for the various 
modelled scenarios and realisations presented in this study. However, if a different 
dataset of pseudo-wells were chosen along the cliff-face by varying pseudo-well 
location and spacing, the resultant volume fractions could have been slightly different. 
In addition, if the model volume represented a more proximal location (e. g. upper delta 
plain; Fig. 6.5a) or more distal location (e. g. lower delta plain; Fig. 6.5c), then the 
volume fractions of the three facies groups would be different. Thus, by varying the 
volume fraction of the facies groups within the model, one can begin to explore some of 
the expected variability in facies architecture due to variations in delta-plain 
palaeogeographic context. 
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Fig 7.4: The volume fraction of the three facies groups used within the reservoir 
models. Note the colour key for channel sandbodies, crevasse-splay sandbodies 
and shales (background), which is used throughout the other figures. 
7.2.2 Sandbody geometries 
A wide range of parameters can be used to define sandbody dimensions %N 'thin the 
IRAP-RMS software tool. For channel sandbodies. these parameters include (1) channel 
stacking patterns, (2) channel belt dimensions. (3) channel sinuosity and meander 
amplitude, (4) channel width: thickness ratio, (5) number of channels per belt, and (6) 
channel orientation. Crevasse-splays can be modelled as isolated bodies or as a 
continuous belt of amalgamated bodies. For either case, additional geometrical 
parameters that can be defined by the user include: (1) wwwidth: thickness: length 
relationships. (2) position in the stratigraphic column, and (3) number of splays per 
channel. The parameters defining Sandbody geometries in the models were chosen using 
previous studies of the Saltwick Formation (e. g. Mjos and Prestholm, 1993, Mjos el cal.. 
1993; Tasaryova, 2002) and from the fieldwork and photomontage interpretations of 
this author. Section 6.2 discussed the range of sandbody geometries documented by 
these sources. 
The following parameters were used as a base case in the reservoir models. Channel 
sandbodies were assigned a thickness of 9m and a width of 300 m. Sinuosity as 
assigned a value of 1.25 between that of straight channels (1.0) and the extreme 
meandering of fluvial environments (1.5+). Two types of crevasse-splay sandbodies 
were modelled: individual splay lobes and composite splays. Sandbodies representing 
individual splay lobes were each assigned a thickness of 1.75 m., a width of 2000 in and 
a length of 2000 m. Sandbodies representing composite splays were treated by 
assigning four individual splay lobes to each channel belt. Additional values of 
sandbody geometry were used to test model sensitivity (see Section 8.2) 
Choosing the number of crevasse-splay sandbodies per channel belt was an exercise in 
balancing the run-times of the model versus the ability of the model to find a solution. 
For example, selecting four crevasse splays per channel belt allowed the software to 
honour (I) the facies volume fractions, and (2) the user-defined object dimensions and 
spacing. Some combinations of channel and crevasse splay parameters did not allow 
both of these inputs to be honoured, and thus a satisfactory model could not be 
constructed by the algorithms in the software. In these fevý instances, the number of 
crevasse splays per channel belt was reduced from four to two, enabling both facies 
volume fractions and object dimensions/spacings to be honoured. 
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7.3 Model output: sandbodv connectivity 
Static connectivity is defined as the amount of the net-reservoir lithology that is 
connected to the wells in a reservoir. In the synthetic delta-plain reservoir considered in 
this study, as in all reservoirs, the success of the drilling campaign will he a function of' 
finding sufficient net sand connected to an appropriate number of wells. thus allowing 
an economic production rate to be achieved (Larue, 2000, Larue and Friedmann. 2000, 
2005: Hovadik and Larue, 2007). 
In order to generate values of static connectivity from the models. sonne simplifying 
assumptions are employed. Channel sandbodies are considered to he wholly net pay. 
with no internal permeability heterogeneity. Crevasse-splay sheet sandhodies are 
considered to be either wholly net pay (similar to the channel sandhodies). or wholly 
non-reservoir rock (similar to the inter-channel shales). The following equations where 
used to calculate static connectivity measurements. Note that "fraction of sand" is 
equivalent to net-to-gross in the reservoir models if crevasse-splay sandhodies are 
interpreted to constitute net pay. 
Fraction of sand (Fn/g) = 
(volume of channel sandbodies) + (volume of crevasse-splay sandbodies) 
Fraction of connected channel sandbodies (Fcc) = 
(total volume of model) 
(volume of channel sandbodies connected to reference well) 
(total volume of channel sandbod, es) 
Fraction of connected channel and = 
(volume of channel and crevasse-splay sandbodies connected to reference well) 
crevasse-splay sandbodies (Fcs) (total volume of channel and crevasse-splay sandbodies) 
The static volumetric calculations (drainable volume) were made to a reference well in 
the centre of the model (Fig. 7.3). By definition, global static connectivity depends upon 
the connectivity of each cell at the reference well location to juxtaposed cells that meet 
reservoir criteria (McLennan and Deutsch. 2005). The reference well itself is not 
conditioned; it takes on the lithological characteristics at each cell from the reservoir 
model. Thus, if no reservoir sandbodies (channel and/or crevasse-splay) were to 
intersect the grid cells at this reference well, then a value of zero connectivity would be 
determined for that model. This is a valid approach used in industry for static 
connectivity studies. Larue (2004) and Larue and Friedmann (2000,2005) take various 
approaches to measuring static connectivity in the context of constructing dynamic 
models to determine recovery efficiency and well-spacing optimisation. The number of 
"reference wells" in their models varies, but typically they begin with an injcctor- 
producer pair to calculate sweepable volume to the producer well. For example. in a 
model of a turbidite-channel complex based on outcrop data, a reference well is placed 
arbitrarily at the centre and a producer arbitrarily at one edge of the model (Larue. 
2004). Connectivity is measured from cells intersecting with this pair of wells in the 
model, prior to dynamic simulation. In this simple experiment, the placement of one 
well at the centre of the model is considered appropriate. Further research using this 
model focused on sweep efficiency and incorporated more complex injector-producer 
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patterns in 5- and 9-spot grids or line drives (Larue and Friedmann, 2005). All of these 
various placements of reference wells provide valid approaches, first for determining 
static connectivity and then dynamic recovery results. 
The placement of a reference well to measure a drainable static connectivity near the 
centre of the Saltwick model is deliberate. The reference well is not placed to constrain 
the location of any particular facies or lithology, but without prejudice to a pre- 
determined conceptual interpretation. Placing the well near the outer edges of the model 
volume would move it far away from the conditioning data at pseudo-well control 
points. Central placement also reduces edge effects of mapping algorithms. Positioning 
the reference well at other locations could affect the measured value of static 
connectivity, especially at low values of net-to-gross, but it does not invalidate this 
arbitrary placement of the reference well in this particular modelling exercise. This 
placement of the reference well is not dissimilar to the central placement of the 
reference well in the models of a turbidite-channel complex described above (Larue, 
2004). However, on balance, the central location of the reference well is preferred, as it 
lies sufficiently close to the pseudo-wells or control points to evaluate differences in 
modelled facies architecture that result from different treatments of these conditioning 
data. 
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CHAPTER 8: Strategy and Execution of Reservoir Modelling Experiments 
8.1 Experimental strategy 
Drilling successful exploratory and appraisal wells in a fluvio-deltaic setting is a 
challenge. Deltaic plays are littered with initial exploratory dry holes that just miss 
significant accumulations in channel sandbodies, only to be discovered nearby and 
developed by another operator at some later time. Drilling in channelised areas is 
"binary" in result with wells as either excellent producers when encountering the 
channel sand or a dry hole when finding either interchannel shales or crevasse splays of 
non-reservoir quality. Unocal (now Chevron) determined that in the fluvio-deltaic 
setting of its Gulf of Thailand fields is so difficult to predict channel location and 
connectivity, that grid-batch drilling is employed as the best feasible path towards high 
recovery factors in field development of closely spaced channels (Pinto et al., 2004). 
This only makes sense in environments where drilling costs are low in comparison to 
ultimate recovery and channels are closely spaced. Thus, in predicting reservoir 
architecture and uncertainties in architecture, assume added importance for fluvio- 
deltaic reservoirs in environments with higher drilling costs. 
This research addresses the characterisation of reservoir architecture and associated 
static connectivity using one reference well which may be viewed as a theoretical 
exploration or appraisal well. Several interpretations of reservoir architecture have been 
produced, based on the cliff-face dataset of control points exhibited in the pseudo-well 
format. Each interpretation honours the pseudo-well dataset (or a subset of this dataset) 
and a different conceptual model ("scenario') of the reservoir architecture. Multiple 
stochastic realisations are produced for each scenario and data subset, in order to 
characterise the range of uncertainty in each of the modelled cases. Increasing the 
number of pseudo-well control points is analogous to learning more about the reservoir 
architecture during a drilling campaign as more data at various points in the reservoir 
become available. The additional control points do not constitute actual wells 
(producers or injectors) and the measurement of connectivity remains a function of the 
reference well. The control points or pseudo-wells condition the stochastic model to 
honour the interpretation of lithology at those points. 
The cliff-face exposures of the Saltwick Formation offer sufficient constraint on 
reservoir 2D architecture to provide a benchmark for the various cases modelled. Thus, 
the modelling experiments described below may be regarded as an exercise in decision- 
making for exploratory or appraisal campaigns in fluvio-deltaic plays. A number of 
questions would arise during the formulation of development and exploration/appraisal 
strategies for such a reservoir: 
1. Do stratigraphic controls (e. g. the presence or absence of valley-fill 
sandbodies) significantly affect juxtaposition of channel and crevasse-splay 
sandbodies, and thus the static connectivity of the reservoir? 
2. Does the sediment transport direction significantly affect the connectivity of 
channel and crevasse-splay sandbodies? 
3. Do differences in the geometry of channel and crevasse-splay sandbodies 
(e. g. sandbody length: thickness: width ratio, channel sinuosity) significantly 
affect connectivity? 
4. How will the volume fraction of net sand in the model affect connectivity? 
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Two basic hypotheses are tested in the reservoir modelling experiments. Firstly, how 
does static connectivity vary with facies architecture? Parameters that are considered to 
control facies architecture, and which are varied in the modelling experiments, include: 
(1) sediment transport direction (i. e. sandbody orientation), (2) channel and crevasse- 
splay sandbody geometry, (3) the presence or absence of incised valleys that control 
channel-sandbody distribution, and (4) the fraction of sand, which is used as a proxy for 
proximal-to-distal location on the delta plain. The aim of this hypothesis is to identify 
any thresholds in connectivity, and to understand how these thresholds can be related to 
the four sets of parameters listed above. Percolation theory predicts that static 
connectivity greatly increases above a threshold fraction of sand (net-to-gross) of 
approximately 26-35% (King, 1990, Larue and Friedmann, 2005), but this theory 
assumes a random distribution of sandbodies with no underlying geological control. 
The second hypothesis relates to data quantity and distribution: how does the number 
and location of pseudo-well control points affect static connectivity and the uncertainty 
in static connectivity? The subsets of the 33 pseudo-well dataset used in various 
modelling experiments are listed below. The data subsets comprise either a single 
pseudo-well or groups of 4,16 and 33 pseudo-wells spaced along the 2D line of the cliff 
face. Where only a single pseudo-well is used to constrain the models, a pseudo-well is 
chosen based on the fades succession that it contains. As the number of pseudo-wells is 
increased, so the models become more closely conditioned to the facies architecture of 
the `truth case' at the cliff face (Fig. 8.1). The subsets of the pseudo-well database used 
in the model are: 
"1 pseudo-well containing multiple channel sandbodies (well 7A3, which 
intersects the High Whitby multi-storey channel complex), 
"1 pseudo-well containing crevasse-splay sandbodies and lacking channel 
sandbodies (well 1B), 
"4 pseudo-well control point that contain a mixture of facies groups and cover the 
extent of the cliff face (well ]AJ, containing crevasse-splay sandbodies; wells 
7A5 and WW5, containing channel sandbodies; and well 8B, which is sand- 
poor), 
" 16 pseudo-well control points that contain a mixture of facies groups and are 
arrayed along the cliff face, 
" 33 pseudo-well control points that contain a mixture of facies groups and are 
arrayed along the cliff-face (i. e. all control points in the modelled area). 
In all of the models described above, the three parameters described in Section 7.3 are 
used to measure static connectivity relative to a reference well in the centre of the 
model: (1) fraction of sand (net-to-gross), (2) fraction of connected channel sandbodies, 
and (3) fraction of connected channel and crevasse-splay sandbodies. 
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Fig. 8.1: This schematic of the cliff face shows the position of pseudo-wells 
selected from the 33-well database to condition models constructed using 
sparse conditioning data. Well 7A3 contains multiple channel sandbodies, 
whereas well 1B contains only crevasse-splay sandbodies; these two wells are 
each used as single wells in generating the least well constrained models. The 
four wells highlighted in blue (8B, 7A5,1A1, WW5) contain a mixture of facies 
groups and are used to generate loosely conditioned models. Additional pseudo- 
wells are used to generate tightly conditioned models (i. e. using 16 and 32 
pseudo-wells), and these pseudo-wells are spaced along the cliff line between 
wells 8B and WW5. 
8.2 Values of facies-architecture parameters used in modelling experiments 
The geological parameters that were varied in order to generate different "scenarios" of 
facies architecture are discussed below. 
Orientation of sediment supply: Interpretations of cliff-face photomontages, 
palaeocurrent measurements and published literature imply that mean channel-sandbody 
orientation is north-northwest-to-south-southeast, with sediment supply originating 
from the north-northwest (e. g. Mjos and Prestholm. 1993). However, there is some 
variability around this mean value of channel-sandbody orientation: for example 
Tasaryova (2002) interpreted a west-east orientation of crevasse-splay sandbodies. 
Thus, to evaluate the effect of various sandbody orientations on connectivity, a base 
case of a north-south orientation was chosen and additional west-east to northwest- 
southeast orientations were used in sensitivity tests (Figs. 8.2,8.3.8.4). 
Sinuosity: Channel sinuosity is dependent on sediment load, rate of discharge, ww idth- 
to-depth ratio, grain size, rates of accommodation, and avulsion history (Elliot, 1986; 
Mjos and Prestholm, 1993; Blum and Torngvist, 2000). A sinuosity value of 1.25 was 
used as a base case, with sinuosities in the range of 1.15 to 1.50 used in sensitivity tests. 
This range of sinuosities seems appropriate for distributary channels developed in a 
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temperate delta plain setting, considering a value of 1.0 creates no sinuosity and a value 
of 1.50 defines meandering fluvial channels. 
Channel and crevasse-splay geometry: Based on observations of the cliff-face 
photomontages and previous published values (Mjos and Prestholm, 1993; Mjos el al., 
1993), representative values of channel sandbody dimensions are 9m in thickness and 
300 m in width. These values were used for as base-case geometries, with additional 
dimensions of (1) 6m thick and 200 m wide, and (2) 12 m thick and 450 m wide used 
in sensitivity tests. Base-case dimensions for a crevasse-splay sandbody was 1.75 m in 
thickness, 2000 m in width and 2000 m in length, with values of 3000m in width and 
length used in sensitivity tests. 
Stratigraphie control on sandbody distribution: The High Whitby multi-storey 
channel complex may be interpreted as an incised valley fill. To test the impact of this 
interpretation on the modelled static connectivity, a valley-fill unit was inserted into the 
model volume through the High Whitby channel complex and perpendicular to the cliff- 
face (Fig. 8.5). The valley geometry was interpreted to be straight (sinuosity of 1.0), and 
valley dimensions are approximately 30 x 700 x 6900 m (depth x width x length), 
corresponding to the cliff-face exposure. The volume fraction of sand in this valley fill 
was increased to 70%, reflecting the outcrop data of increasing channel-sandbody 
density within the valley fill. 
Volume fraction of sand: The base-case volume fraction of sand was 43%, as 
determined from the pseudo-wells constructed from the coastal cliff faces (see Section 
7.2.1). This fraction of sand comprises 34.4% channel sandbodies and 8.6% crevasse- 
splay sandbodies. Additional sand volume fractions of 12%, 24%, 33%, 50% and 70% 
were used in sensitivity tests to simulate different positions on the delta plain: further 
up-dip towards a channel-dominated, upper delta plain environment, or down-dip 
towards a potentially less channel sand-rich, lower delta plain environment. 
"Base Case" Scenario: the base case parameters are defined below. 
" Channel sandbody orientation: north-south (0°) ± 10° 
" Channel Sandbody sinuosity: 1.25 
" Channel sandbody dimensions: 9x 300 m (thickness x width) 
" Crevasse-splay sandbody dimensions: 1.75 x 2000 x 2000 m (thickness x width 
x length) 
" Stratigraphic control on facies architecture: none 
" Facies volume fractions: 34% channel sandbodies, 9% crevasse-splay 
sandbodies, 57% inter-channel shales 
" Subsets of pseudo-well database used to construct models of this scenario: 1 
(channel sandbody), 1 (crevasse-splay sandbody), 4,16,33 control points. 
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Values of these parameters used in sensitivity tests around the "base case" scenario are 
defined below. 
" Channel sandbody orientation: east-west (900) f 10° ("e-w"), northwest- 
southeast (I 35°) f 10° ("nw-sc"). 
" Channel sandbody sinuosity: 1.15 ("lo sin"), 1.50 ("hi sin"), 
" Channel sandbody dimensions: 6x 200 ni (thickness x ww idth: "thin char"), 12 x 
450 in (thickness x width; "thick chan") 
" Crevasse-splay sandbody dimensions: 1.75 x 3000 x 3000 m (thickness x %%idth 
x length; "c revs w/I") 
" Stratigraphic control on facies architecture: none 
" Facies volume fractions: 34% channel sandbodics, 9% crevasse-splay 
sandbodies, 57% inter-channel shales 
" Subsets of pseudo-well database used to construct models of this scenario: I 
(channel Sandbody), I (crevasse-splay sandbod) ), 4.16,33 control points. 
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Fig. 8.2: Schematic of the study area showing sediment supply from the north 
(Mjos and Prestholm, 1993). This sediment supply orientation is used in the 
base-case scenario for reservoir modelling. 
85 
Fig 8.3: Schematic of the study area showing sediment supply from the 
northwest, which is consistent with the orientation of the multi-storey channel 
complex at High Whitby (Mjos and Prestholm, 1993). This sediment supply 
orientation is used in reservoir modelling sensitivity tests. 
86 
Fig. 8.5: Schematic of the study area showing the approximate location of an 
interpreted incised valley that coincides with the multi-storey channel complex 
at High Whitby. A higher volume fraction of sand (70%) is modelled within the 
valley fill, reflecting enhanced channel-sandbody stacking within the confines of 
the valley. 
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CHAPTER 9: Reservoir modelling results 
The reservoir modelling results for the different conceptual geological models 
("scenarios"), sensitivity tests and data subsets (Chapter 8) are summarised in this 
chapter. The models test scenarios and sensitivities in (1) the orientation of sediment 
supply, (2) channel sinuosity, (3) channel and crevasse-splay geometry and (4) 
stratigraphic control on sandbody distribution were all run with 10 stochastic 
realisations. As the scope of the investigation grew to include numerous volume 
fraction sensitivities, additional models were run with 5 stochastic realisations. The 
connectivity results are compiled within one spreadsheet (Appendix DVD). Results are 
reported as (1) the fraction of sand or net-to-gross (Fng), (2) the fraction of connected 
channel sandbodies (Fcc), and (3) the fraction of connected channel and crevasse-splay 
sandbodies (Fcs) relative to a reference well (Section 7.3). The results are plotted to 
show error bars of one standard deviation from the mean, based on the stochastic 
realisations. 
9.1 Quality Assurance 
All of the realisations of the various scenarios and sensitivity tests were reviewed to 
ensure that conditioning pseudo-well control points were properly executed in the 
model ('blocked' in IRAP-RMS parlance) and were honoured by the software. Each 
realisation was analysed in both map and cross-sectional views to corroborate that the 
pseudo-well data were honoured, that a new stochastic realisation had been generated, 
and that new volumetric results had been calculated. For example, Figure 9.1 depicts a 
realisation of the "base case" model conditioned to all 33 pseudo-wells, with a cross- 
section through the realisation having been checked for consistency with the pseudo- 
well data). All realisations were examined to ensure consistency prior to the calculation 
of connected sandbody volumes. Appendix B contains the 10 realisations of the `base 
case' model when 1 pseudo-well control point is conditioned (well 7A3 represents a 
channelised environment) 
The vast majority of the sensitivity realisations for the base case are run with a volume 
fraction of 43%. The algorithm parameters (tolerances) were set within RMS to create 
solutions matching the conditioned well data to the volume fraction such that a solution 
is found within reasonable run times of 30 minutes or less per realisation. The standard 
deviations of the sensitivities for the base case ranged from 0.1-5.6% (with a significant 
majority <1%). The exception is the sensitivity experimenting with wider and longer 
crevasse splays (7.6%). 
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Fig. 9.1: Cross-sectional view of a reservoir model showing a robust match 
between the conditioning well data and facies distribution produced by the 
modelling software. This figure shows a model realisation that uses "base-case" 
channel and a crevasse-splay sandbody dimension, channel sinuosity and 
orientation, a volume fraction of sand of 43%, and lacks a valley fill. The 
realisation is conditioned to all 33 pseudo-wells. The following colour scheme is 
used in this figure and throughout the chapter: orange = channel sandbodies, 
dark green = crevasse-splay sandbodies, light green = inter-channel shales 
Scales are in metres. The north arrow common to these models is at the top of 
each screen display and the cross-section is oriented SE to NW (left to right) 
The map views in Figure 9.2 provide an example of the significant differences that may 
occur between stochastic realisations of the same scenario. In this case, although the top 
of the Saltwick Formation shows significantly more channel sandbodies in the 
realization on the left, both realisations illustrate the "base-case" scenario conditioned to 
33 pseudo-wells and a 43% volume fraction of sand. The stochastic realisations have 
different juxtapositions of channel and crevasse-splay sandbodies away from the 33 
pseudo-wells, even though the volume fraction of sand is the same. Figure 9.3 
demonstrates the changes in sandbody distribution between two realisations in cross- 
sectional view. 
89 
N 
Fig. 9.2: Two realisations (#6, left and #9, right) of the "base-case" scenario 
model conditioned to 33 pseudo-wells highlight the variability inherent to 
stochastic population of channel and crevasse-splay sandbodies in the model 
volume. The models are 6900 x 6900 x 30 m in dimensions. Colour scheme as in 
Figure 9.1. North is to the right. 
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Fig. 9.3: Cross-sections through two stochastic realisations (#4, left and #3, 
right) of the model conditioned to 33 pseudo-wells and a sand volume fraction of 
50%. Note the different facies distributions in the two cross-sections, especially 
near pseudo-well 7a3 (highlighted in light blue). Colour scheme as in Figure 9.1. 
The vertical section is 30m and trend SE to NW from left to right) 
Figure 9.4 shows a realisation of the model conditioned to only 4 pseudo-well control 
points (wells IA], 7A5,8B and WW5). Note that the facies distributions are more 
uncertain if fewer conditioning data are used, reflected in the differences between facies 
recorded in the non-conditioning wells and in the cross-section. 
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Fig. 9.4: Map view (left) and cross-section (right) through a model conditioned to 
only 4 pseudo-wells and with a sand volume fraction of 33%. Note that there are 
significant differences in facies distributions between the model cross-section 
and the non-conditioning wells. The cross-section runs diagonally cross the 
model, from top left to bottom right in the map view. The model is 6900 x 6900 x 
30 min dimensions. Colour scheme as in Figure 9.1. 
The multi-storey channel complex at High Whitby has a distinctive, localised facies 
distribution that may be difficult to honour using an object-based modelling approach. 
Reproducing facies architecture in this area is therefore an important test of the models. 
Figure 9.5 contrasts a photograph of the outcrop (above) with a cross-section extracted 
from a model (below). There is a reasonable correlation between the facies distributions 
along the cliff-face outcrop and those represented in the model cross-section. 
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Fig 9.5: Comparison of the cliff-face exposure at High Whitby showing pseudo- 
well locations (Fig. 6.5b) and a corresponding cross-section through one of the 
models (realisation #3 in Fig. 9.3) at the same approximate scale and from the 
same perspective (slanting is an effect of perspective from the model). The 
model reproduces the facies distributions seen on the cliff face to a reasonable 
degree, including the pinch-out to the left of a multi-storey channel-fill complex. 
The cliff face is 100 m tall, although the modelled Saltwick Formation comprises 
only the lower central portion of the face (top Saltwick just below well numbers). 
The top Dogger Formation is annotated in yellow (lower left). The lateral field of 
view is approximately 700 m. Colour scheme as in Figure 9.1. 
9.2 Results of "base case" scenario models and sensitivity tests 
The following section presents the results of the "base case" scenario model and 
sensitivity tests of the following parameters, which reflect depositional sandbody 
geometries: (1) mean channel orientation, (2) channel sinuosity, and (3) channel and 
crevasse-splay sandbody dimensions. The "base case" scenario model contains north- 
south-trending channel sandbodies with a sinuosity of 1.25 and cross-section 
dimensions of 300 x9m (width x thickness), crevasse-splay sandbodies of dimensions 
2000 x 2000 x 1.75 m (width x length x thickness), and has a volume fraction of'sand of 
43%. Once this base case was defined, sensitivity tests were performed by sequentially 
varying one parameter while holding the others constant. The same "base case" scenario 
and sensitivity tests were constructed using various subsets of the pseudo-well database 
(Section 8.1). 
Figure 9.6 summarises the results for models constructed using all 33 pseudo-Ntiells 
along the cliff face. By employing all of the pseudo-well control points simultaneously, 
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the IRAP-RMS modelling algorithms are most strongly conditioned to the outcrop- 
defined facies architecture. This strongly conditioned "base case" model most closely 
approximates a "truth case" cross-section along the cliff-face outcrops with sufficient 
data coverage to capture facies architecture at reservoir scale. The model results honour 
the user-defined value for the volume fraction of sand (43%), except for the sensitivity 
tests that use larger channel sandbodies (450 m width x 12 m thickness). In these cases, 
a sand volume fraction of 63.6% was generated, because the software algorithms could 
not honour both (1) the large sandbody dimensions conditioned to densely distributed 
pseudo-well data, and (2) the sand volume fraction defined by the user. Greater 
weighting is assigned to the pseudo-well data and input sandbody dimensions, hence an 
over-estimated sand volume fraction is generated. 
The results demonstrate that sandbodies in the "base case" model and associated 
sensitivity tests are almost totally connected (Fig. 9.6). The reference well measures 
almost 100% connectivity whether channel sandbodies are considered alone, or in 
conjunction with crevasse-splay sandbodies. 
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Fig 9.6: Connected fraction of sand in the "base case" scenario models and 
associated sensitivity tests, conditioned to all 33 pseudo-well control points. 
Column 1 (left) shows the results of the "base case" model which includes a 
north-south orientation of channels; columns 2 and 3 show the results of 
sensitivity tests on mean channel orientation; columns 4 and 5 show the results 
of sensitivity tests on channel sinuosity; columns 6 and 7 show the results of 
sensitivity tests on channel sandbody dimensions; and column 8 (right) shows 
the results of sensitivity tests on crevasse-splay sandbody dimensions 
increasing width and length. The following values are plotted for each model: (1) 
volume fraction of sand (F sand n/g), in blue; (2) fraction of connected channel 
sandbodies (F conn chan), in pink; and (3) fraction of connected channel and 
crevasse-splay sandbodies (F chan + splay), in green. 10 stochastic realisations 
of each model were generated. The mean values for these realisations are 
plotted as points, and the standard deviations as error bars. Sandbody 
connectivity is near total (100%) in all cases. 
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Fig 9.7: Connected fraction of sand in the "base case" scenario models and 
associated sensitivity tests, conditioned to only 1 pseudo-well control point 
which contains channel sandbodies. Column 1 (left) shows the results of the 
"base case" model which includes a north-south channel orientation; columns 2 
and 3 show the results of sensitivity tests on other mean channel orientation; 
columns 4 and 5 show the results of sensitivity tests on channel sinuosity; 
columns 6 and 7 show the results of sensitivity tests on channel sandbody 
dimensions; and column 8 (right) shows the results of sensitivity tests on 
crevasse-splay wider-longer sandbody dimensions. The following values are 
plotted for each model: (1) volume fraction of sand (F sand n/g), in blue; (2) 
fraction of connected channel sandbodies (F conn chan), in pink; and (3) fraction 
of connected channel and crevasse-splay sandbodies (F chan + splay), in green. 
10 stochastic realisations of each model were generated. The mean values for 
these realisations are plotted as points, and the standard deviations as error 
bars. 
The results of the "base-case" scenario model and sensitivity tests conditioned to I 
pseudo-well that contains a channel sandbody (well 7A5; Fig. 9.7) or multiple crevasse- 
splay sandbodies (well I B; Fig. 9.8) are described below. The use of fewer conditioning 
data allow the software algorithms to honour all the user-defined inputs and the pseudo- 
well control points, hence the volume fraction of sand is near 43% in all models. This is 
also true for models conditioned to 4 and 16 pseudo-wells (Figs. 9.9,9.10). In all cases, 
the fraction of sandbodies connected to the reference well is close to 100% (Figs. 9.7. 
9.8). The use of low-sinuosity and/or fewer, large channel sandbodies can result in 
slightly lower connectivity of channel sandbodies in models conditioned to a pseudo- 
well that represents a channel sandbody (Fig. 9.7), although the error bars are large. 
Similarly, channel sandbody connectivity in several of the sensitivity tests conditioned 
to a pseudo-well that represent predominately crevasse-splay sandbodies may fall as 
low as 90% (Fig. 9.8), although error bars are again large. If crevasse-splay sandbodies 
are considered as net-reservoir rock, then sandbody connectivity is invariably closer to 
100% (Figs. 9.7,9.8). 
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Fig 9.8: Connected fraction of sand in the "base case" scenario models and 
associated sensitivity tests, conditioned to 1 pseudo-well control point that 
contains predominantly crevasse-splay sandbodies (no channels). Column 1 
(left) shows the results of the "base case" model; columns 2 and 3 show the 
results of sensitivity tests on mean channel orientation; columns 4 and 5 show 
the results of sensitivity tests on channel sinuosity; columns 6 and 7 show the 
results of sensitivity tests on channel sandbody dimensions; and column 8 
(right) shows the results of sensitivity tests on crevasse-splay sandbody 
dimensions. The following values are plotted for each model: (1) volume fraction 
of sand (F sand n/g), in blue; (2) fraction of connected channel sandbodies (F 
conn chan), in pink; and (3) fraction of connected channel and crevasse-splay 
sandbodies (F chan + splay), in green. 10 stochastic realisations of each model 
were generated. 
The models conditioned to 4 pseudo-well control points provide the largest change in 
connectivity of the "base-case" sensitivities (Fig. 9.9). The control point spacing and 
facies distributions of these 4 pseudo-wells is such that models containing small channel 
sandbodies (200 mx6m; width x thickness) show a marked drop in channel sandbody 
connectivity (e. g. the error bars for the fraction of connected channel sandhodies show a 
range of 60-95% connectivity; Fig. 9.9). 
97 
4 Well Sensitivities 
1000% 
800% 
600% 
ü 40 0 
200% 
00% 
tF sand N/G 
--Fconn than 
--F than + splay 
-0-F sand N/G 
-* Fconn then 
",,, f -'-F chan , splay 
ns ew nwse hi sin lo sin thick than thin than crevs wA 
432% 433% 436% 433% 43 1% 432% 43 1% 438% 
982% 928% 960% 91.0% 969% 978% 766% 981% 
99.0% 979% 994% 985% 989% 997% 993% 992% 
oases 
Fig 9.9: Connected fraction of sand in the "base case" scenario model and 
associated sensitivity tests, conditioned to 4 pseudo-well control points that 
portray a range of facies. Column 1 (left) shows the results of the "base case" 
model which includes a north-south sediment source; columns 2 and 3 show the 
results of sensitivity tests on mean channel orientation; columns 4 and 5 show 
the results of sensitivity tests on channel sinuosity; columns 6 and 7 show the 
results of sensitivity tests on channel sandbody dimensions; and column 8 
(right) shows the results of sensitivity tests on crevasse-splay sandbody 
dimensions. The following values are plotted for each model: (1) volume fraction 
of sand (F sand n/g), in blue; (2) fraction of connected channel sandbodies (F 
Conn than), in pink; and (3) fraction of connected channel and crevasse-splay 
sandbodies (F than + splay), in green. 10 stochastic realisations of each model 
were generated. 
The results of the "base-case" scenario model and sensitivity tests conditioned to 16 
pseudo-wells are presented in Figure 9.10. The results are similar to those of the other 
models conditioned to different subsets of the pseudo-well database (Figs. 9.6-9.9), with 
connectivity of (l) channel sandbodies, and (2) channel and crevasse-splay sandhodies 
close to 100%. 
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Fig 9.10: Connected fraction of sand in the "base case" scenario models and 
associated sensitivity tests, conditioned to 16 pseudo-wells. Column 1 (left) 
shows the results of the "base case" model; columns 2 and 3 show the results of 
sensitivity tests on mean channel orientation; columns 4 and 5 show the results 
of sensitivity tests on channel sinuosity; columns 6 and 7 show the results of 
sensitivity tests on channel sandbody dimensions; and column 8 (right) shows 
the results of sensitivity tests on crevasse-splay sandbody dimensions. The 
following values are plotted for each model: (1) volume fraction of sand (F sand 
n/g), in blue; (2) fraction of connected channel sandbodies (F conn chan), in 
pink; and (3) fraction of connected channel and crevasse-splay sandbodies (F 
chan + splay), in green. 10 stochastic realisations of each model were generated. 
9.3 Discussion of "base-case" scenario models and sensitivity tests 
The results presented above can be summarised succinctly: at a sand volume fraction of 
43%, sandbody connectivity is close to 100% in all modelled cases (Figs. 9.6-9.10). 
This finding is true whether only channel sandbodies are considered (approximating a 
net-to-gross value of 34.4%; section 7.2.1), or both channel and crevasse-splay 
sandbodies are considered (approximating a net-to-gross value of 43.0%: section 7.2.1). 
When only channel sandbodies are considered to be net-reservoir rock, mean 
connectivities measured at the reference well can be as low as 77-95%. although the 
standard deviations around these values are large. however, when crevasse-splay 
sandbodies are also considered to be net-reservoir rock, mean connectivity is alwa\s in 
the range 97-100%. Altering channel orientation. channel sinuosity and/or channel and 
crevasse-splay sandbody dimensions has little effect on the sandbody connectivity. 
Similarly, varying the amount and location of conditioning data in the form of pseudo- 
wells has little impact on the sandbody connectivities measured in the models. 
These results are consistent with the predictions of percolation theory (King. 1990) and 
with recent studies of the controls on sandbody connectivity (Larue and Friedman, 
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2000,2005; Larue and Hovadik, 2006; Hovadik and Larue, 2007) although we employ 
one reference well. These studies predict that above some threshold value of netto- 
gross in the reservoir system, sandbody connectivity increases abruptly to values 
approaching 100%. Percolation theory predicts that for sandbodies that are randomly 
distributed in three dimensions, the threshold value of net-to-gross is approximately 
26% (King, 1990). Numerical modelling experiments of reservoirs containing 
channelised sandbodies support these predictions for the three specific values of net-to- 
gross: 35%, 60% and 85% (Larne and Friedmann, 2005, Ilovadik and Larne, 2007). 
Sandbodies in models with higher net-to-gross values (60% and 85%) were in near total 
connectivity, and flow simulations of the corresponding reservoir models had high 
sweep and recovery efficiencies. Sandbodies in the model with 35% net-to-gross model 
demonstrate less connectivity and will be discussed later in this chapter. 
This net-to-gross threshold for high sandbody connectivity is much lower than 
operational experience from a career in executing field developments might lead one to 
expect. Non-swept oil in reservoirs containing channelised sandbodies is a major 
consideration even in reservoir zones with average net-to-gross values in the range 30- 
40%. The models of the Saltwick Formation described above contain some simple 
assumptions of method (drainage volume) and reservoir properties that limit their 
ability to predict sweep efficiency; for example, the various sandbodies are assumed to 
have the same petrophysical characteristics and small-scale heterogeneities within 
sandbodies (e. g. shale drapes) are ignored. However, there are reservoir studies that 
support this low net-to-gross threshold for sandbody connectivity. 
Reservoirs with net-to-gross at or close to the threshold value predicted by percolation 
theory appear to contain highly connected sandbodies. One example is the Travis Peak 
Formation of East Texas, which is a prolific regional reservoir of fluvial origin. Davies 
et al. (1992) describe a meandering and braided fluvial reservoir consisting of channel, 
crevasse-splay and overbank lithofacies with a net-to-gross of 30% (in which crevasse- 
splay and overbank lithofacies are regarded as non-reservoir rock). Although channel 
sandbodies are small, with single-storey channel sandbodies being 2-3 m thick and 60- 
70 m wide and multi-storey channel-belt sandbodies being 10-12 m thick and 
approximately 6.4 km wide, the reservoir demonstrated significant sandbody 
connectivity in simulation models based on conventional cored and logged wells, 
production and test data. A second example is provided by the moderate net-to-gross 
(35%) Triassic fluvial reservoirs in the North Sea, which were studied by Caers et al. 
(2000) to compare pixel-based and object-based reservoir modelling techniques. 
Regardless of the strengths and weaknesses of both techniques, a model containing 
channel sandbodies (pay) and inter-channel mudstones (non-pay) indicated excellent 
horizontal and vertical permeability, which implied near-complete connectivity of the 
channel sandbodies. 
Reservoirs with lower net-to-gross contain poorly connected sandbodies. For example, 
Martin et al. (1988) performed reservoir modelling studies in the low net-to-gross 
(24%) intervals of the Lower Statfjord Formation reservoirs of the Norwegian North 
Sea. These reservoirs comprise overbank heteroliths (non-reservoir) within which low- 
sinuosity channel sandbodies are embedded. Such a facies distribution resulted in poor 
pressure communication between sandbodies, implying that they are poorly connected. 
Other full-field reservoir studies in the low net-to-gross (20%) Ness Formation of the 
North Sea (e. g. Svanes et al., 1994) used simple models of pay (channel and crevasse- 
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splay sandbodies) versus non-pay (shales, coals) facies and found significant barriers to 
vertical flow, which implied limited sandbody connectivity in this orientation. 
The modelling results above lead to a set of interesting questions regarding field 
exploration/appraisal and development. In the appraisal of a sand-rich iluvio-deltaic 
reservoir (e. g. with average net-to-gross of 43%), would a company continue drilling 
after finding a well that intersects only thin crevasse-splay sandbodies and essentially 
misses the channel sandbodies that constitute the best pay (e. g. the connectivity result of 
the reference well after the predominately crevasse splay pseudo-well control point used 
to condition the models summarised in Fig. 9.8)? The model results summarised in 
Figure 9.8 indicate significant connectivity. In reality, the crevasse splays of the 
Saltwick Formation are poorer pay sands than the channels, and in all likelihood, such a 
well would be an uneconomic proposition when flowrates over time and net present 
value (NPV) is considered. In the cases modelled above, the net-to-gross value of 43% 
is sufficiently high that nearly all channel sandbodies (and channel and crevasse-splay 
sandbodies) are connected to each other and to the reference well. How would these 
connectivity results differ for the "base case" scenario and associated sensitivity tests if 
the average net-to-gross or volume fraction were lower? Leaving aside considerations 
of dynamic sweep and the time to economically produce a well that creates positive 
NPV, and focusing solely on static connectivity of sandbodies, can a study of sandbody 
connectivity at varying sand volume fractions (net-to-gross) offer some guidance for the 
appraisal strategy of delta-plain reservoirs similar to the Saltwick Formation analogue? 
The next section is an attempt to provide insight for these questions. 
9.4 Results of models with varying volume fractions of sand 
The following section presents the results of models that investigate variations in the 
volume fraction of sand, while keeping constant all the other parameters and sensitivity 
tests of the "base case" scenario. This approach has certain limitations, and the results 
below are subject to; (1) the limitations of a relatively small number of stochastic 
realisations (five) made for each model, (2) the use of a single reference well to measure 
connectivity (thus limiting global applicability), (3) the use of some "base case" 
parameters that stipulate north-south-trending channel sandbodies with certain fixed 
width: thickness ratios and (4) the calculation of static connectivities (versus complex 
dynamic modelling). Nevertheless the results may be instructive in comparing (1) how 
connectivity varies when comparing channel sandbodies versus channel and crevasse- 
splay sandbodies together in an appraisal setting and (2) understanding some of the 
effects that occur in the selection of a volume fraction when modelling with sparse 
amounts of data (1 or 4 well control points) for field development planning. 
Given the uniformly high static connectivity results at a sand volume fraction of 43%, 
corresponding to facies volume fractions of 34% for channel sandbodies and 9% for 
crevasse-splay sandbodies, a group of models with varying sand volume fractions were 
generated that honour the "base-case" scenario for subsets of the pseudo-well database. 
The sand volume fractions considered in these models are: 12%, 24%, 33%, 43%, 50% 
and in some cases 70%. The relative proportion of channel and crevasse-splay 
sandbodies was kept constant in the new cases. The only exception is at sand volume 
fractions of 12% where such a low net-to-gross was unable to honour the conditioned 
well data and the input facies proportions were modified to allow the model to find a 
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solution in a reasonable timeframc. The same measures ot'static connectivit\ are 
compared as in the previous models (Section 9.2). 
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Fig 9.11: Connected fraction of sand in the "base case" scenario models for 
different volume fractions of sand, conditioned to I pseudo-well control point 
(1 B) that represents an environment of predominantly crevasse-splay 
sandbodies. Columns 1 (left) to 5 (right) shows the model results for sand 
volume fractions of 12%, 24%, 33%, 43% and 50%. The following values are 
plotted for each model: (1) volume fraction of sand (F sand n/g), in blue; (2) 
fraction of connected channel sandbodies (F conn chan), in pink; and (3) fraction 
of connected channel and crevasse-splay sandbodies (F chan + splay), in green. 
5 stochastic realisations of each model were generated. The mean values for 
these realisations are plotted as points, and the standard deviations as error 
bars. Note that sandbody connectivity is sharply reduced at sand volume 
fractions lower than 33%. 
Figure 9.11 shows the results of the "base-case" scenario model for varying sand 
volume fractions conditioned to I pseudo-well control point of multiple crevasse-splay 
sandbodies (well I B). At low sand volume fractions (12% and 24%), the connectivity of 
the channel sandbodies is low (21% and 47%. respectively). This result indicates that 
when fewer channel sandbodies are included in the models (lower volume tractions). 
they are less well connected. However, at a sand volume fraction of 33%. there is a 
significantly higher connectivity of the channel sandbodies (94%). Sandbody 
connectivities are much higher in these low net-to-gross models when crevasse-splay 
sandbodies are also considered as reservoir rock. Note that there are also large standard 
deviations (error bars) associated with the models with low sand volume fractions (12% 
and 24%), which reflects considerable stochastic variation in the location and 
connectivity of sandbodies that are not directly constrained to the conditioning data at 
the pseudo-wells. Many of these channel sandbodies do not intersect the reference well. 
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Fig 9.12: Connected fraction of sand in the "base case" scenario models for 
different volume fractions of sand, conditioned to 1 pseudo-well control point 
representing a channel sandbody. Columns 1 (left) to 6 (right) shows the model 
results for sand volume fractions of 12%, 24%, 33%, 43%, 50% and 70%. The 
following values are plotted for each model: (1) volume fraction of sand (F sand 
n/g), in blue; (2) fraction of connected channel sandbodies (F conn chan), in 
pink; and (3) fraction of connected channel and crevasse-splay sandbodies (F 
chan + splay), in green. 5 stochastic realisations of each model were generated. 
The mean values for these realisations are plotted as points, and the standard 
deviations as error bars. Note that channel-sand body connectivity (F conn chan) 
is variable, whereas the connectivity of channel and crevasse-splay sandbodies 
(F chan + splay) is higher and less variable. 
The corresponding results for models conditioned to I pseudo-well control point that is 
predominantly a channel sandbody (well 7a3) are shown in Figure 9.12. The model 
realisations with lowest sand volume fraction (12%). demonstrate that none of the 
channel sandbodies intersect the reference well (they are constrained to intersecting the 
well 7A3, which is some distance to the west of the reference well). At increasing sand 
volume fractions (24-70%), there is considerable variability in the connectivity of 
channel sandbodies to the reference well as one might expect given the meandering 
nature of channel sands. There is a general trend towards greater connectivity with 
higher net-to-gross defined by the volume fractions. If crevasse-splay sandbodies are 
considered as net-reservoir rock, then sandbody connectivity is consistently high. 
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Fig 9.13: Graph summarising the results of the "base case" scenario models for 
different volume fractions of sand, conditioned to 4 pseudo-wells or control 
points that represent a range of facies. Columns 1 (left) to 5 (right) shows the 
model results for sand volume fractions of 12%, 24%, 33%, 43% and 50%. The 
following values are plotted for each model: (1) volume fraction of sand (F sand 
n/g), in blue; (2) fraction of connected channel sandbodies (F conn chan), in 
pink; and (3) fraction of connected channel and crevasse-splay sandbodies (F 
chan + splay), in green. 5 stochastic realisations of each model were generated. 
The mean values for these realisations are plotted as points, and the standard 
deviations as error bars. 
Figure 9.13 shows the results of the "base-case" scenario model for varying sand 
volume fractions conditioned to 4 pseudo-well control points representing both 
channelised and crevasse splay environments. At low to moderate volume factions of 
sand (12-33%), channel sandbodies do not intersect the reference well in these 
realisations. The inability of the channels to intersect the reference well at low volume 
fractions after conditioning to these 4 control points may reflect the uncertainty in: (I ) 
the heterogeneous nature of channel distribution of the upper portion of the delta 
dominated by either channel belts or interchannel shale environments. (2) the 
limitations imposed by the 'base case' parameters (northerly sourcing, dimensions of 
the sandbodies), (3) the position of the reference well in relation to the conditioned 
control points and lastly. (4) the global net-to-gross for the model defined by the 
volume fraction input. With all the limitations of the model as described in points 1-3. it 
is important to note that the choice of volume fraction input with 4 control points (akin 
to 4 appraisal well results) demonstrates significant uncertainty fier defining the 
connectivity of this reservoir model for planning purposes. Finally, the inclusion of 
crevasse-splay sandbodies as net pay increases the sandbody connectivity. 
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Fig 9.14: Connected fraction of sand in the "base case" scenario models for 
different volume fractions of sand, conditioned to all 33 pseudo-wells. Columns I 
(left) to 6 (right) shows the model results for sand volume fractions of 12%, 24%, 
33%, 43%, 50% and 70%. The following values are plotted for each model: (1) 
volume fraction of sand (F sand n/g), in blue; (2) fraction of connected channel 
sandbodies (F conn chan), in pink; and (3) fraction of connected channel and 
crevasse-splay sandbodies (F chan + splay), in green. 5 stochastic realisations 
of each model were generated. The mean values for these realisations are 
plotted as points, and the standard deviations as error bars. The large number of 
pseudo-wells constrains the volume fraction of sand at c. 43%, and models with 
lower sand volume fractions (12-33%) cannot be generated if these conditioning 
data are to be honoured. 
Fig. 9.14 shows the results of the "base-case" scenario model ww ith different sand 
volume fractions, conditioned to all 33 pseudo-wells. The use of the complete pseudo- 
well dataset to condition the model means that low volume fractions of sand (12-33%) 
cannot be honoured by the modelling algorithm concurrently ww ith the other user- 
defined inputs of the "base-case" scenario model (sandbodv geometry and dimensions). 
Hence models with low sand volume fractions cannot be generated by the modelling 
tool when all available conditioning data are used, this conflict confirms that the 
pseudo-well dataset does not represent a low net-to-gross depositional em ironnment. 
This inference is consistent with the sand volume fraction calculated from the pseudo- 
well dataset (43%). 
Sand volume fractions of 43% and higher (50% and 70%) are successfull" used to 
generate models. Thus, there is a case to be made that the 43% sand volume factor of 
the cliff-face cross-section may be unrepresentatively low for the total modelled 
volume. Parts of the model volume in front of or behind the cliff-face outcrops may 
contain a higher volume fraction of sand, and still honour (l) the sandbodv orientations 
and geometries defined in the "base case" scenario, and (2) all of the pseudo-%Nell data 
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control points. In the models with a sand volume traction ot43-70%, sandhody 
connectivity is close to 100%, irrespective of'whether crevasse-splay ýandhodies are 
considered as net-reservoir rock. 
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Fig 9.15: Graph summarising the connectivity of channel sandbodies in the 
"base case" scenario models for different volume fractions of sand and different 
subsets of the conditioning pseudo-well data. Columns 1 (left) to 6 (right) shows 
the model results for sand volume fractions of 12%, 24%, 33%, 43%, 50% and 
70%. The fraction of connected channel sandbodies (F conn chan) is plotted for 
the following data subsets: (1) all 33 pseudo-wells (33fcc), in dark blue; (2) 4 
pseudo-wells (4well fcc), in pink; (3) 1 pseudo-well intersecting a channel 
sandbody (1 chan fcc), in green; and (4) 1 pseudo-well intersecting crevasse- 
splay sandbodies (1 splay fcc), in light blue. 5 stochastic realisations of each 
model were generated. The mean values for these realisations are plotted as 
points, and the standard deviations as error bars. 
When employing all the conditioning data from 33 pseudo-wells. the sand volume 
fraction is always above 43% and there is almost 100% connectivity of channel 
sandbodies, even if crevasse-splay sandbodies are considered as non-reservoir rock 
(Fig. 9.15). When fewer pseudo-well control points are used to condition the "base 
case" scenario models, a wider range of sand volume fractions can be generated in the 
model volume and there are significant variations in channel-sandbody connectivity as a 
result (Fig. 9.15). In some cases, where pseudo-well data points condition channel- 
sandbody distribution such that they cannot intersect the reference Nell (e. g. l2°ö sand 
volume fraction in models conditioned to I pseudo-well that represents a channel 
sandbody; 12-33% sand volume fractions in models conditioned to 4 pseudo-\%ell 
control points), channel-sandbody connectivity is 0%. These results demonstrate the 
heterogeneous nature of channel-sandbody distribution in reservoirs of loww average net- 
to-gross. It also shows that individual control points, or small numbers of NNell control 
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points, may provide an unrepresentative view of sand volume fraction of the reservoir 
as a whole, and that channel-sandbody distribution relative to the number and spacing 
data (control points) is critical in calculating channel-sandbody connectivity relative to 
a reference well. Appraising channel sandbody dominated reservoirs with a small 
number of data points is challenging. 
When considering the connectivity of channel and crevasse-splay sandbodies (see 
below, Fig. 9.16), sandbody connectivity relative to the reference well is higher than 
when only channel sandbodies are considered (Fig. 9.15). There is, however, still 
noteworthy variability in measured connectivity below a sand volume fraction of 43% 
(Fig. 9.16). 
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Fig 9.16: Graph summarising the connectivity of channel and crevasse-splay 
sandbodies in the "base case" scenario models for different volume fractions of 
sand and different subsets of the conditioning pseudo-well data. Columns 1 (left) 
to 6 (right) shows the model results for sand volume fractions of 12%, 24%, 33%, 
43%, 50% and 70%. The fraction of connected channel sandbodies (F conn chan) 
is plotted for the following data subsets: (1) all 33 pseudo-wells (33Fc+s), in dark 
blue; (2) 4 pseudo-wells (4well Fc+s), in pink; (3) 1 pseudo-well as a channel 
sandbody (1 chan Fc+s), in green; and (4) 1 pseudo-well predominantly 
crevasse-splay sandbodies (1 splay Fc+s), in light blue. 5 stochastic realisations 
of each model were generated. The mean values for these realisations are 
plotted as points, and the standard deviations as error bars. 
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9.5 Results of models containing an Incised Valley 
The "base-case" scenario treated the multi-storey channel sandhody at I ligh Whithý as 
part of an aggrading delta plain system that was not confined to a valley. I Io%\ever. this 
channel-till complex can also be interpreted as an incised valley fill (Section 6.3.4). 
Consequently, an additional series of models were generated fi'r a "valley-till" scenario. 
In this scenario, a rectangular valley fill measuring approximately 700 x 30 in (\%idth x 
thickness) and oriented perpendicular to the cliff-face was inserted into a "base- 
case-scenario model to coincide with the cliff-face outcrops of the I Iigh Whithv channel 
complex (Fig. 9.17). The sand volume fraction of the valley fill was increased to 70%, 
reflecting an increase in the number of channel sandbodies within the valley fill volume. 
The sand volume fraction outside of the valley was kept at the "base--case" value of' 
43%. This scenario was designed to test whether there might he any significant change 
in sandbody connectivity between the "base-case" and "valley-fill" scenarios. Six 
pseudo-well control points within the High Whitby channel-fill complex ere used to 
constrain valley geometry at the cliff face. 
w 
Fig 9.17: 3D perspective view of a model containing an incised valley fill, which 
intersects the cliff-line cross-section at High Whitby (Fig. 6.5b). The valley fill is 
modelled with a sand volume fraction of 70%, and is placed within a "base-case" 
model of 43% sand volume fraction. The figure illustrates one stochastic 
realisation (#3) of the "valley-fill" scenario model conditioned to 33 pseudo- 
wells. The model is 6900 x 6900 x 30 m in dimensions. Colour scheme as in 
Figure 9.1. 
Figure 9.18 demonstrates that models of both "base-case" and "valley-fill" scenarios 
conditioned to different subsets of the pseudo-well data show sandbody connectivities 
close to 100%. These results are consistent with other models in which sand volume 
fractions of 43% or higher were used, and they also imply that individual channel 
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sandbodies within the valley fill are highly connected. For such a sand-rich succession. 
the interpretation of a period of valley erosion and subsequent mulling during the 
depositional history matters little to the sandbody connectivity. 
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Fig 9.18: Graph contrasting the results of the "base case" and "valley-fill" 
scenario models for different subsets of the conditioning pseudo-well data. 
Columns I (left) to 4 (right) shows the model results for the following cases: (1) 1 
pseudo-well intersecting crevasse-splay sandbodies in the "base case" scenario 
(1 splay vf43, no fill); (2) 1 pseudo-well intersecting crevasse-splay sandbodies 
in the "valley-fill" scenario (1 splay vf43, w 70vf fill); (3) all 33 pseudo-wells in the 
"base case" scenario (33 well vf43, no fill); and (4) all 33 pseudo-wells in the 
"valley-fill" scenario (33 well vf43, w 70vf fill). The following values are plotted 
for each model: (1) volume fraction of sand (F sand n/g), in blue; (2) fraction of 
connected channel sandbodies (F conn chan), in pink; and (3) fraction of 
connected channel and crevasse-splay sandbodies (F chan + splay), in green. 10 
stochastic realisations of each model were generated. The mean values for these 
realisations are plotted as points, and the standard deviations as error bars. 
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9.6 Discussion of models with varying volume fractions of sand 
Two conclusions can be drawn from the model results described above. Firstly, there is 
an apparently abrupt increase in the connectivity of channel sandbodies between sand 
volume fractions of 33% and 43% (e. g. Fig. 9.15). Models containing a volume fraction 
of sand of 43% or greater exhibit sandbody connectivities of close to 100%, even if 
crevasse-splay sandbodies are treated as non-reservoir rock (Fig. 9.15) and/or channel- 
sandbody stacking are not enhanced by the presence of incised valleys (Fig. 9.18). This 
abrupt increase in connectivity corresponds roughly to the net-to-gross threshold 
predicted by percolation theory (King, 1990). Reservoirs with lower volume fractions of 
sand retain significant uncertainty in sandbody connectivity, which would impact on 
field development planning. Such reservoirs may represent upper delta plain settings, 
where channels are preferentially stacked into widely spaced multi-storey bodies 
separated by interchannel shales (e. g. Elliot, 1986). Where available at sufficient 
resolution and quality, 3D seismic data would help to locate wells within channel 
sandbodies and/or fairways (Caumon et al., 2004). Alternatively, additional information 
about geological context from nearby fields could be used to predict palaeogeographical 
trends in channel distribution. Without such data (e. g. in low cost redevelopment 
projects), locating channel sandbodies would be challenging. In this modelling, even 
with 4 additional control points, it would be difficult to constrain the volume fraction of 
sand, and the distribution of this sand (e. g. Fig. 9.13). Thus field development planning 
based on limited well data and a limited number of reservoir model realisations may be 
sub-optimal (potentially to the extreme) in low net-to-gross reservoirs. It confirms that 
the choice of geological scenario is probably the most important factor at the appraisal 
stages of drilling (Caumon et al., 2004). 
Including crevasse-splay sandbodies as net-reservoir rock consistently increases 
sandbody connectivity (e. g. Figs. 9.11-9.13). This relationship is particularly prominent 
at low volume fractions of sand (12-33%; Figs. 9.11-9.13). The result is logical given 
that the inclusion of crevasse-splay sandbodies increases the estimated net-to-gross of 
the reservoir, and that crevasse-splay sandbodies are laterally extensive in geometry and 
will likely be juxtaposed with channel sandbodies that would otherwise remain 
unconnected. The result is important in the context of field development, because the 
classification of crevasse-splay sandbodies as net pay results in prediction of higher 
sandbody connectivity and may therefore enable reservoir drainage via fewer and more 
widely spaced wells. In the case of the Saltwick Formation dataset, crevasse-splay 
sandbodies have core-plug permeabilities of 5-15 mD (Section 6.2.2) which may be 
sufficient to include them as net pay, although the channel sandbodies have 
significantly higher permeabilities (core-plug permeabilities of 15-150 ml); Section 
6.2.1) and would be preferentially drained. The result is consistent with the conclusion 
of Larue and Hovadik (2006) that sandy overbank deposits improve sandbody 
connectivity in reservoirs that contain channel sandbodies. Well-developed, extensive 
crevasse-splay systems are typical of lower delta plain environments (e. g. Fig. 6.5c), but 
are less common in upper delta plain environments (e. g. Fig. 6.5a; Elliot, 1986). 
It must be noted that the measurements of sandbody connectivity discussed above do 
not incorporate geological heterogeneities within sandbodies, structural heterogeneities, 
petrophysical rock properties or fluid properties. These factors would all need to be 
considered in predicting sweep efficiency and ultimate recovery via dynamic reservoir 
modelling in actual field development planning 
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CHAPTER 10 Discussion 
The use of reservoir modelling software such as IRAP-RMS, Petrel, HERESIM and 
Tigress for appraisal and field development planning is a great step forward for 
exploration and production companies and researchers. As recently as 10 years ago, 
many companies were using proprietary software that lacked the rigour, compatibility 
and functionality of these commercially available packages. This has resulted in 
geologists, geophysicists and petroleum engineers being better equipped to optimise the 
planning and economics of projects by creating multiple scenarios and stochastic 
realisations of the geological reservoir framework. Correctly comprehending the 
limitations, uncertainty and/or implications of the data input, especially at the transition 
from the geologist to the reservoir engineer in model construction is critically important 
for the veracity of the model results (Ravenne et al., 1987; Weber and van Geuns, 1990; 
Eschard, 1992; Svanes et al., 1994; Larue and Friedmann, 2005; Larue and Ilovadik, 
2006; Hovadik and Larue, 2007). 
The industry teams that create and use reservoir models usually consist of a production 
geophysicist, production geologist, reservoir geologist, petrophysicist, reservoir 
engineer, production technologist/engineer (downhole specialist), surface engineer and 
an economist. Typically two types of model are created: a static model that represents 
geological architecture and a dynamic model used to simulated fluid flow. These 
models are created at the initiation of a field development plan and may be updated 
continuously or periodically ("field reviews") during the life cycle of an oil or gas field. 
As appropriate data becomes available, the models become less of a planning tool and 
transform to a development tool for optimal production and finally to a pre- 
abandonment tool to locate and produce the last economically viable hydrocarbons in 
the reservoir. All of these modelling phases are attempting to optimise the economical 
value to the company and government (Ravenne et al, 1990; Eschard et al., 1992; 
Ravenne, 2002; Badessich et al., 2005; Hovadik and Larue, 2007). 
The veracity of reservoir simulation is directly dependent on the quality of the 
geological model employed. A lack of communication between reservoir engineers and 
production geologists in unravelling the geological character of the reservoir can be 
problematic (e. g. in Brent Group reservoirs; Ravenne, 2002). Geologists argue that 
facies architecture strongly affects recovery, whilst engineers tend focus on parameters 
such as permeability heterogeneity and production performance (Larue and Friedmann, 
2005). In order to mitigate risk, the construction of viable reservoir models requires a 
synthesis of a critical mass of data (well-logs, cores, seismic, well tests, pressure 
histories and production data) and an understanding of reservoir connectivity based on 
deposition models and/or outcrop analogue studies. The assignment of net-to-gross 
values to a modelled reservoir interval is a very important step for field development 
planning (Caumon et al, 2004). The ability to integrate these data into a model that 
captures reservoir architecture provides the reservoir engineer with a valid basis for 
simulation, and thus initial and/or re-development plans for the field (Caumon et al., 
2004; Badessich et al, 2005). 
Early in the life-cycle of the field, the modelling task focuses on choosing the correct 
parameters and scaling to create an appropriate model for field development planning 
purposes (Caumon et al., 2004; Hovadik and Larue, 2007). Much has been written on 
the complexity and hierarchical arrangement of geological heterogeneities that affect 
fluid flow in reservoirs and their translation into numerical models (e. g. Weber and van 
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Geuns, 1990; Galli and Beucher, 1997, Tamhane et al., 1999, Noetinger and Zargar, 
2004, Goovaerts, 2006). In the modelling phases completed early in the life-cycle of 
field development, the relationship between stratigraphic architecture and recovery 
factor can be tested using such numerical models. Exactly what parameters affect 
ultimate recovery in many models is a source of controversy within the petroleum 
engineering community (e. g. Larue and Friedmann, 2005). Much geological 
heterogeneity may matter little in terms of reservoir performance (King, 1990; Laruc 
and Friedmann, 2000). For example, sweep of centimetre-scale cross-bedding may be 
irrelevant to the major decisions that must be made for determining plateau rates and the 
size of production facilities, platforms and pipelines. Reservoir characterisation to 
determine the size of the field, well spacing and distribution, and potential 
drive/depletion mechanisms is the primary focus in early planning stages. Later in field 
life, some believe that there is no obvious relationship between the depositional 
environment and recovery efficiency, but the focus should instead be on drive 
mechanism (Larue and Friedmann, 2005). However, others show that sandbody 
geometry can play a role. For example, the net-to-gross, sandbody stacking patterns, 
sandbody dimensions and sandbody geometries all affect waterflood performance in 
fluvial reservoirs (Jones et al., 1995). Geobody dimensions and upscaling to accurately 
represent the effects of small-scale heterogeneity (e. g. vertical permeability 
heterogeneity in thinly interbedded sandstones and shales) play important roles in 
predicting recovery rates and well spacing (e. g. in the high net-to-gross fluvial 
reservoirs of the Mesaverde Group, Jonah Field, onshore US; Apaydin et al., 2005). 
Sophisticated reservoir modelling experiments have become a staple in testing the 
sensitivity of connectivity and fluid-flow behaviour to differences in reservoir 
architecture. These experiments are completed before choosing a final scenario(s) of 
reservoir architecture for full-field simulation, which may be a trade-off between CPU 
time and perceived accuracy (Noetinger and Zargar, 2004). If the scenario(s) of 
reservoir architecture is ill-conceived in a full field model, then the resulting history 
match and forecasts can be in error. Construction of an optimal geological model 
requires the geologist and reservoir engineer to interact and work as a team. 
Consideration is given to the stratigraphic controls that might affect reservoir 
architecture and fluid flow, and the upscaling, downscaling and/or multiscaling of 
small-scale heterogeneities (Galli and Beucher, 1997; Tamhane et al., 1999; Larue and 
Friedmann, 2005). Upscaling of the reservoir architecture in a static model is often 
required to produce a dynamic model that can simulate fluid flow in a computationally 
efficient and fast manner. There is potentially a clash of perspectives between the 
geologist and the reservoir engineer, reflecting their different technical training, 
backgrounds and work priorities. Many a dynamic model is constructed in which the 
reservoir engineer makes suboptimal or invalid simplifications of the static model in 
isolation from the geologist, thus undercutting the veracity of production forecasts. The 
Forties Field full field model suffered in this way during the reserves re-determination 
procedure carried out by an expert arbitrator (Kulpecz and van Geuns, 1990). The 
author also prevented the same mistake occur during the modelling of ten Al Furat 
Euphrates River Graben fields. 
The following sections summarise how the Saltwick Formation outcrop modelling may 
aid in the identification of controls on static connectivity, its use in uncertainty 
characterisation for exploration and appraisal strategy in deltaic plays and reservoirs, 
and its use as an illustration of interactions between disciplines while constructing 
reservoir models. 
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10.1 Facies architecture controls on static connectivity 
This work began with the intuitive notion that in deltaic depositional settings, certain 
sedimentological factors may affect sandbody connectivity, sweep and ultimate 
recovery of reservoirs. The Saltwick Formation is also analogous to parts of the delta 
plain (Ness Formation) of the Brent Delta, and is thus relevant to active exploration and 
production challenges in the Brent Group play of the North Sea. The accessible and 
well-studied outcrops of the Saltwick Formation in Yorkshire provide an excellent 
opportunity to characterise and model the sedimentological controls on facies 
architecture in a delta-plain setting. One can directly see a two-dimensional cross- 
section that shows sandbody type, distributions, and architecture in an ancient delta 
plain, and use this cross-section to understand how sandbodies may be connected 
through the use of reservoir modelling techniques. 
The results of the Saltwick Formation modelling work would be important to the 
development of a static model for an analogous reservoir. The following questions 
would likely be considered during the building of such a model: 
1. Does the sediment transport direction significantly affect channel and 
crevasse-splay sandbody distribution and connectivity? 
2. Do differences in sandbody geometry and dimensions significantly affect 
connectivity? 
3. How will the volume fraction of net sand used in the model affect 
connectivity? 
4. Do stratigraphic controls (e. g. interpretation of incised valley fills) 
significantly affect the juxtaposition of channel and crevasse-splay sandbodies, 
and thus the connectivity of the reservoir? 
The Saltwick Formation modelling results demonstrate that in such a sand-rich 
environment (sand volume fraction of 43%), there is virtually no significant difference 
in static connectivity across the range of sensitivity tests investigated. At such a high 
volume fraction of sand, sandbody connectivity is at or close to 100%. At sand volume 
fractions of 33% and below, sandbody connectivity is reduced, particularly if channel 
sandbodies alone are considered as net pay. Thus, it seems that total sandbody 
connectivity likely occurs at sand volume fractions somewhere between 33 and 43%, in 
cases where only channel sandbodies comprise net pay (i. e. connectivity at sand volume 
fractions of 43% and above in the Saltwick Formation models) and those where both 
channel and crevasse-splay sandbodies comprise net pay (i. e. sand volume fractions of 
33% and above in the Saltwick Formation models). At high values of net-to-gross (i. e. 
sand volume fraction of 43% and higher), the addition of multi-storey channel 
sandbodies within valley fills cannot further increase sandbody connectivity. 
These conclusions are consistent with a broad interpretation of percolation theory 
(King, 1990) and recent connectivity studies (Larue and Friedman, 2000,2005), which 
both predict that at some threshold of net-to-gross, connectivity abruptly increases to 
100% when measuring sweepable volumes.. Although this study provides static 
connectivities on the basis of drainable volume, it confirms that the relationship 
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between net-to-gross and sandbody connectivity is significant, because above the 
threshold value of net-to-gross, reservoirs containing channel sandbodies behave like 
simple tanks in terms of connectivity (Larue and Friedmann, 2000,2005; Larue and 
Hovadik, 2006; Hovadik and Larue, 2007). This net-to-gross threshold thus corresponds 
to the point at which reservoirs containing channel sandbodies need no longer be 
considered as labyrinthine for the purposes of static connectivity characterisation (e. g. 
in the reservoir characterisation scheme of Weber and van Geuns, 1990). During the 
maturing of such reservoirs, early tank-like performance becomes more complex due to 
inefficient sweep and bypass of oil (Larue and Friedmann, 2005). However, the static 
models generated in this study can be modified for dynamic modelling. Future studies 
using the models could introduce more net-sand variability by assigning different 
porosity/permeability values to different facies (e. g. channel and crevasse-splay 
sandbodies), thus creating with a greater range of potential reservoir cut-offs in 
permeability. The addition of various production well patterns and production 
mechanisms could also test and the impact of the parameters varied in the static models 
on dynamic sweep. 
10.2 Applications to exploration and appraisal 
The terms exploration and appraisal may be taken to mean different things in different 
contexts. Wildcat exploration drilling explores new basins and plays with low 
probabilities (<10%) of commercial success and correspondingly high risks. This 
discussion focuses on lower risk exploration and appraisal in basins and plays where 
proven discoveries and petroleum systems are known from the regional context. A new 
structure may be identified on seismic data, and may host a new field if successfully 
drilled within the known regional context. Appraisal involves the drilling of "step-out" 
wells to delineate and define the newly discovered reservoir. Various companies 
transfer responsibility from the Exploration to Production departments somewhere 
along a continuum; the transfer may occur as early as directly after the new discovery, 
or later after all appraisal is completed. The appraisal campaign aims to (1) determine 
the size of the field; (2) define the reservoir drive mechanism; and (3) identify 
production parameters such as well spacing, production technology required for well 
completions, the size of production facilities, and optimal economic recovery. All this 
information is summarised in the field development plan (Friedmann et al., 2003, 
Caumon et al., 2004). The field development plan is used by the company as a basis for 
their economic and reserves forecasting, and by governments to ensure optimal 
recoveries of their resources. 
A number of questions may arise during the formulation of an exploration/appraisal 
strategy in a delta-plain setting, for which the Saltwick Formation model results might 
be helpful: 
1. Where on the delta plain is the reservoir located: in the upper delta plain, 
marked by discrete multi-storey channel-belt sandbodies interspersed with few 
crevasse-splay sandbodies, or on the lower delta plain, marked by more 
widespread occurrence of crevasse-splay sheet sandbodies and a mixture of 
single storey and multi-storey channel sandbodies? How much variability in 
Sandbody connectivity is imposed by the gross palaeogeographical setting? 
2. If one is not sure of the palaeogeographical location on the delta plain, can the 
Saltwick Formation models help to define uncertainty in the appraisal strategy? 
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3. How might the perceived net-to-gross (volume fraction) of the reservoir affect 
an appraisal strategy? 
Sensitivity tests were conducted to evaluate each of the questions above. By varying the 
amount of conditioning data (pseudo-well control points), the variability of the 
modelled reservoir architecture around the pseudo-well control points is constrained to 
a greater or lesser degree. Increasing the number of pseudo-wells (e. g. from 1 to 4 to 16 
to 33) is analogous to learning more about the reservoir architecture and net-to-gross 
distribution during a drilling campaign as new well results become available. The model 
experiments using different conditioning data input therefore allow one to learn more 
about the relative uncertainty in appraisal drilling cases across a range of reservoir 
architectures (e. g. variations in sandbody geometry, orientation, sand volume fraction 
and net-to-gross). The "base case" facies volume fractions calculated from the complete 
pseudo-well dataset are 34.4% channel sandbodies, 8.6% crevasse-splay sandbodies, 
and 57% inter-channel shales. In theory, if one were to move the cliff-face cross-section 
and associated pseudo-wells either up or down depositional dip, the reservoir 
architecture and net-to-gross would vary from this 43% "base-case" value of sand 
volume fraction. Thus, it is argued that by varying the sand volume fraction of the 
models, to either higher or lower values, one can approximate different 
palaeogeographical positions on the delta plain. Similarly, by considering crevasse- 
splay sandbodies as non-reservoir rock, facies architectures that lack such sandbodies 
(e. g. on the upper delta plain) can be approximated. A range of sand volume fractions 
was investigated, corresponding to low net-to-gross (sand volume fractions of 12%, 
24%) and moderate to high net-to-gross reservoirs (sand volume fractions of 33%, 43%, 
50%, 70%), allowing one to assess static connectivity across this range of net-to-gross 
and thus develop guidelines for appraisal uncertainty for production geologists and 
engineers. Note that the models are simplified, such that all net sand (i. e. channel 
sandbodies, or channel and crevasse-splay sandbodies) has the same petrophysical 
properties, and one reference well is used to measure connectivity. These 
simplifications are not unlike those made during early appraisal, when there are only 
sparse data available (Friedmann et al., 2003; Caers et al., 2000; Caumon et al., 2004). 
These limitations need to be borne in mind when considering the model results. 
The conclusions of the modelling experiments were that: (1) sandbody connectivity is 
near 100% for sand volume fractions of 43% and higher, (2) sandbody connectivity is 
lower for sand volume fractions of 12-33%, particularly if only channel sandbodies are 
considered as net pay, and (3) considering crevasse-splay sandbodies as net pay 
increases sandbody connectivity within the reservoir, particularly at low sand fractions 
(e. g. 12-33%). From an appraisal perspective, regional palaeogeographical studies can 
be used to assess whether the reservoir is located in an upper or lower delta plain 
setting, which will aid in choosing the correct volume fraction guidance for early 
screening economic studies. 
Caumon et al. (2004) have noted that the choice of geological scenario, which includes 
estimation of net-to-gross, is the most important factor at the appraisal stage. Their 
work focussed on the first well in an appraisal campaign, and presented two scenarios 
that attempt to quantify geological uncertainty. A single well with the same net-to-gross 
was placed in the fluvial Stanford V simulator, and two ranges of net-to-gross for the 
entire reservoir were investigated, the first for an optimistic evaluation (net-to-gross of 
24-70%) and the second for a more pessimistic evaluation (net-to-gross of 10-60%). By 
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assuming the ability to preferentially select some parameters (e. g. a favourable seismic 
indicator) and insert these data into a spatial `bootstrap' (i. e. re-introduce these data into 
the geostatistical algorithm), the uncertainty can be reduced in the optimistic and 
pessimistic scenarios to P1o - P90 ranges of 39-53% and 28-44% respectively. Thus, the 
interpretation of net-to-gross across the reservoir based on the same, single well impacts 
the size of accumulation. Any and all data that can help to reduce the uncertainty in 
reservoir architecture across a range of net-to-gross interpretations are helpful in 
creating field development plans. 
Similarly, one can see the difficulty in assessing the sand volume fraction from limited 
well data in the Saltwick Formation model experiments. For example, adding an initial 
well control point in a low net-to-gross portion of the reservoir (e. g. well lB, which is 
used to condition the reservoir models shown in Fig. 9.11) would likely cause the team 
to decide against further appraisal drilling if the sand volume fraction of the reservoir 
were thought to be 12-24%. However, if the sand volume fraction was 33% or higher, 
then the reference well would be connected to a significant proportion (>90%) of the 
sandbodies in the reservoir (Fig. 9.11). Thus if a single well control point or a low 
number of well points with low net-to-gross are considered to be representative of the 
entire reservoir (thus a volume fraction of <33%), then the modelling results suggest 
that there will be low sandbody connectivity in the reservoir, which would not 
encourage teams to drill further (Figs. 9.11,9.12,9.13). However, if one were to assume 
a sand volume fraction of 33% or higher for the entire reservoir, based on regional 
palaeogeographical interpretations, then the model results suggest that sandbody 
connectivity will be high at the reference well in spite of the low net-to-gross values at 
the added well control points (Figs. 9.11,9.12,9.13), thus providing a much greater 
chance of economic viability. 
The additional of well control points in models with lower sand volume fractions 
(<43%; Figs. 9.11,9.12,9.13), demonstrated some instances where there was no (0%) 
connectivity at the reference well. The conditioning of these well points with the 
specific "base case" parameters (e. g., northerly sourcing, moderate sinuosity, explicit 
geobody dimensions) created realisations where no reservoir was connected at the 
reference well. These results demonstrate the inherent risk of drilling in low net-to- 
gross reservoirs, particularly those that lack crevasse-splay sandbodies of pay quality 
(i. e. only channel sandbodies are considered as pay; Figs. 9.11,9.12,9.13). In such 
reservoirs, the sandbody connectivity are almost "binary"; to miss channel sandbodies 
with a well is to miss the reservoir. Such facies architectures are more common on the 
upper delta plain, where channel belts are confined due to lower accommodation rates 
and adjacent competent interchannel silts/shales that increase channel-bank stability, 
resulting in fewer crevasse splays are thus less common (Elliot, 1986, Bhattacharya, 
2006). Such a setting is interpreted for the northwestern part of the Saltwick Formation 
cliff-face outcrops (Figs. 6.5a, 6.6). Knowing where the reservoir is located 
palaeogeographically on the delta plain would therefore aid in the decision to continue 
drilling, irrespective of discouraging results in a small number of appraisal wells. In 
portions of the delta plain where sand volume fractions are considered to be 43% or 
greater, channel sandbody connectivity would always be close to 100%, and thus 
sandbodies will likely be in pressure communication between wells and recovery is 
likely to be high. In the lower delta plain, where crevasse-splay sandbodies are common 
(e. g. along the central and southeastern parts of the Saltwick Formation cliff-face 
outcrops; Figs. 6.5b-c; 6.6), it might be difficult to drill a well that does not access a 
large volume of connected sandbodies (volume fraction 50% or more), provided that 
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crevasse-splay sandbodies constitute net pay. The upper delta plain may contain 
considerably less net-to-gross (<50% volume fraction) depending on the quantity and 
distribution of the channel belts. 
In summary, if one were to underestimate net-to-gross across the entire reservoir based 
on the net-to-gross values measured in a single or small number of well control points 
(e. g. 1-4 wells; Figs. 9.11,9.12,9.13), then significant error could occur in field 
development planning. Good oil industry practice dictates that a field development plan 
will not be based on a single well. However, it could be realistic that after gaining a 
small number of additional control points which show unrepresentatively poor 
connectivity at the reference well (e. g. the 4 well control points portrayed in Fig. 9.13 
for net-to-gross values of 12-33%), a reservoir engineer could underestimate the sand 
volume fraction to input for his/her modelling. This underestimation would likely lead 
to a significant reduction in the modelled sandbody connectivity, which could in turn 
result in a greater number of wells being drilled than necessary and/or abandonment of 
an economically viable reservoir after initial appraisal. Thus, without additional input 
from the geologist regarding the regional palaeogeographical setting to help select the 
appropriate input of sand volume fraction, the field development planning may be sub- 
optimal (potentially to the extreme). It is therefore paramount that the reservoir engineer 
and geologist communicate well in choosing the sand volume fraction input to reservoir 
models during early appraisal. 
10.3 Field Development Planning 
The use of connectivity studies plays a significant role in the development plans for 
deltaic settings. The depressurization of Brent Field in the early 2000's is a good 
example. 
There can be some broad comparisons made with the Brent Field Ness Formation which 
depicts two major facies associations: (1) the upper delta plain and (2) the lower delta 
plain with associated lagoonal and delta front environments (Johnson and Stewart, 
1985, Livera, 1989). The lower delta plain and delta front contain facies that are not 
found in the Saltwick Formation, ranging from lagoonal deltas and lagoonal mudstones 
deposited from major drowning events (units 3.1,2.5 and lower 2.4) to extensive 
reworked mouth bars in this wet, humid environment. 
These drowning events were interspersed with two aggrading upper delta plain 
sequences (units 3.2 and upper 2.1-2.4) (Livera, 1989). These upper delta plain deposits 
exhibit single and stacked channels with crevasse splays and floodplain interchannel 
deposits (unit 2.2) and coals (unit 2.3). The other upper plain setting lower in the section 
(unit 3.2) is interpreted to contain isolated channels, a meander channel belt (1.5km 
wide) and crevasse splays with interchannel silts/shales. The upper delta plain Ness 
Formation units (3.2 and 2.4-2.1) have some similarities to the Saltwick Formation 
upper plain deposits. Rough estimates calculated from the 2D cross-sections of Livera 
(1989) indicate that channels constitute some 30-40% of the 2D area, crevasse splays 
and sheets sands 10-20% and interchannel deposits 40-50%. These crude 2D estimates 
are not dissimilar to the Saltwick Formation upper plain when combining the estimates 
from Figures 6.5a-b (channels as 34-50%, crevasse splays as 5-10% and interchannel 
from 40-60%). The Saltwick Formation delta has more channel belts in the most updip 
sections and the Ness Formation more coals, lacustrine shales and thicker intervals of 
sheet sands, but if channels and crevasse splays/sheet sands are considered as net pay, 
118 
then both sections are above the 35% sandstone volume fraction threshold for high 
static connectivity. However, the uppermost reaches of the Saltwick Formation delta 
contain more channel belts (Fig. 6.5a), and thus there is more possibility of missing 
these confined channelised sandstones during appraisal. 
Innovative modelling techniques were employed in preparation for the depressurisation 
of Brent Field during the late 1990's (Abbots and van Kuijk, 1997, Gallagher et al., 
1999, Coutts, 1999). The aim of the much of the Brent Field re-development in the early 
2000's was to maximise recovery of unswept oil and then depressurise the field to 
optimise recovery of remaining gas reserves. Production/pressure history, the use of 
core analysis and a refinement of porosity and permeability distribution to enhance the 
reservoir architecture was completed (Gallagher et al., 1999). Areas of vertical 
permeability baffles were identified from pressure data and correlated with a detailed 
facies correlation and resulting 3D reservoir models (Abbots and van Kuijk, 1997). The 
porosity-permeability cut-off relationships for the Ness Formation were determined 
from a compilation of petrophysical curves from wells (Abbots and van Kuijk, 1997). 
Although unit specific net-to-gross data is not reported from this modelling study, the 
published standard type log highlights a generalised cut-off threshold of 50 API units 
for contributing sands (Coutts, 1999), which may provide some insight. An estimation 
of net-to-gross from the type log for the upper delta plain units in the Ness Formation 
(2.4. -2.1,3.2) lies in the range 35-45%. This 
is very similar to the combined channel 
(34%) and crevasse splay (9%) determination of the Saltwick Formation when 
considering both sandbody types as pay (<50 API in the Saltwick model). Thus, the 
Ness Formation would be expected to contain high static connectivities before the 
effects of vertical baffles due to extensive shales/coals and faulting is considered. When 
these complexities are included in the dynamic modelling of the entire reservoir 
sequence, the recovery factor for oil is predicted as 47% or higher (Abbots and van 
Kuijk, 1997). A novel well-clustering technique was applied to areas beyond the 
wellbore in order to determine dynamic connectivity measurements based on 
"resistance to flow". This application resulted in a re-development plan targeting 
remaining reserves and drilling locations. Such a good result for the combined water 
injection/solution drive reservoir corroborates the interpretation of rather high sandbody 
connectivity in the Ness Formation upper delta plain units with the reservoir sequence. 
High connectivities and recovery factors are experienced in this reservoir of relatively 
high net-to-gross, which is consistent with the experimental results. 
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CHAPTER 11 Conclusions and Recommendations 
The Saltwick Formation consists primarily of three facies groups; distributary channels, 
crevasse-splays and interchannel/overbank silts and shales, consistent with a delta plain 
setting. The lack of significant faulting and continuous exposures along the coastal 
cliffs allow a two-dimensional cross-section to be studied as a reservoir analogue. The 
ability to model this reservoir architecture through a series of pseudo-well control points 
constructed along the cliff-face provides insight into model building, static connectivity 
and exploration/appraisal uncertainty. 
A 6900 x 6900 x 30m model was constructed using IRAP-RMS with a centrally located 
reference well to test conceptual scenarios (valley fill), sand body sensitivities (mean 
channel orientation, degree of sinuosity, channel thickness/width and crevasse splay 
size) and variations in net sand volume fraction with respect to static connectivity. The 
conclusions relate to static connectivity measured at one reference well with sandbodies 
of homogeneous petrophysical character. They are summarised below. 
1. differences in channel sandbody distribution and stacking, combined with 
presence or absence of marine indicators, are used to interpret upper and lower 
delta plain environments along different parts of the coastal cliff faces, 
2. changes in Saltwick Formation thickness and channel sandbody distributions 
suggest a syn-depositional tectonic control on sedimentation across the Peak 
Fault, and valley incision at High Whitby and perhaps elsewhere. 
3. In the "base case" 3D model, which reflects the facies proportions and 
architecture along the 2D coastal exposures of 43% sand (34% channel and 9% 
crevasse-splay sandbodies) and 57% of non-reservoir silts and shales, static 
connectivity with the reference well was almost 100% whether the channel 
sandbodies are considered alone, or in conjunction with crevasse-splay 
sandbodies. 
4. When only channel bodies are considered as net reservoir in the "base case" 
scenario and associated sensitivity tests, mean connectivities for channel 
sandbodies were 77-95%, whilst the addition of crevasse-splay sandbodies as 
net reservoir raised mean connectivity to 97-100%. 
5. Varying the amount and location of pseudo-well control points in the "base 
case" scenario and associated sensitivity tests has little impact on the sandbody 
connectivities measured in the model. 
6. When a valley-fill body is inserted into the "base case" model and assigned a 
70% sand volume fraction, representing densely stacked channel sandbodies 
within the valley, sandbody connectivity is 100%. This finding suggests that for 
high sand volume fractions, stratigraphic architectures associated with valley 
erosion and subsequent infilling matter little in terms of sandbody connectivity. 
7. Models that varied the percentage of sand volume fraction and the location and 
number of pseudo-well control points demonstrate the following points. 
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(1) An abrupt increase in connectivity of channel sandbodies was observed 
between sand volume fractions of 33% and 43%. Models containing a sand 
volume fraction of 43% or greater exhibit sandbody connectivities of close to 
100%, even when crevasse-splay sandbodies are treated as non-reservoir. 
(2) At sand volume fractions of 33% or below, sandbody connectivity is reduced 
significantly if channel sandbodies alone are considered as net pay. Including 
crevasse-splay sandbodies as net-reservoir consistently increases sandbody 
connectivity, particularly at low volume fractions (12-33%). 
(3) At sand volume fractions of 33% or below, the reservoir models retain 
significant uncertainty in sandbody connectivity whether considering channel 
sandbodies alone or both channel and crevasse-splay sandbodies as net pay. 
8. By varying the sand volume fraction and the location and number of well 
control points, one can test uncertainty in static connectivity to a reference well 
for appraisal drilling and field development planning (albeit with limitations and 
simplifications based on mean channel orientation, sandbody dimensions, 
petrophysical and structural homogeneity). When combined with 
palaeogeographical studies, volume fraction sensitivities may reduce appraisal 
uncertainty. 
The scope of this research can be expanded in future using the current model as a 
starting point. 
1. The number and locations of reference wells could be varied to determine the 
effect on static connectivity and facies architecture. 
2. The static models can be modified for dynamic simulation by assigning 
petrophysical properties that include the effects of small-scale heterogeneities 
within sandbodies (e. g. variations in kv: kh ratio). Different porosity and 
permeability values can be assigned to different facies (e. g. channel and 
crevasse-splay sandbodies), thus creating with a range of potential reservoir cut- 
offs in permeability. 
3. The dynamic simulation of various production well patterns and production 
mechanisms (e. g. depletion versus aquifer drive, secondary recovery methods 
including water injection) could also test the impact of the parameters varied in 
the static models on dynamic sweep. 
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Appendix A 
UTM Locations of Pseudo-well Control Points in Model Area 
DMAP Conversion programme: Dr. Alan Morton, Winkfield, Windsor, Bershire UK 
from http: //www. dmap. co. uk/112tm. htm 
pseudo-well name lat long 3W east north 
lal 654987 6040705 
1a2 655245 6040649 
lb 655359 6040590 
2a 655757 6040561 
2b 54 29 03 0 35 12 656344 6040204 
3a 54 28 54 0 34 50 656750 6039939 
4a 54 28 40 0 34 03 657610 6039536 
4b 54 28 46 0 34 10 657478 6039717 
4d 54 28 48 0 34 18 657332 6039773 
4e 54 28 49 0 34 36 657007 6039793 
4g 54 28 50 0 34 43 656880 6039820 
5a 54 28 27 0 33 43 657984 6039146 
5b 54 28 37 0 33 55 657806 6039405 
7a 1 54 28 03 0 33 24 658352 6038417 
7a 2 54 28 05 0 33 26 658314 6038477 
7a 3 54 28 10 0 33 30 658236 6038629 
7a 4 54 28 18 0 33 38 658084 6038871 
7a 5 54 28 19 0 33 39 658065 6038902 
7a 6 54 28 22 0 33 40 658043 6038994 
7b 54 27 55 0 33 18 658468 6038173 
7c 54 27 48 0 33 08 658656 6037963 
8a 54 27 42 0 32 55 658896 6037786 
8b 54 27 27 0 32 22 659507 6037343 
8c 54 27 14 0 32 00 659917 6036955 
wwl 654075 6040791 
ww3 654199 6040785 
ww3a 654186 6040785 
ww5 654337 6040777 
ww6 654359 6040786 
ww7 654376 6040777 
ww8 654393 6040756 
ww9 654431 6040746 
wcj1 654523 6040764 
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Appendix B: An example of 10 Realisations of I Channel Well base case 
The following figures are the RMS output of the series of 10 realisations associated 
with the "base case" model of I channel well (7A3, black arrow in model). One can 
note the stochastic variation of channels (orange), crevasse splays (yellow) and shales 
(green) as the model is conditioned only to well 7A3. The cliff-face is highlighted in 
grey. 
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